AN INTRODUCTION TO THE THEORY OF
REPRODUCING KERNEL HILBERT SPACES

VERN I. PAULSEN

ABSTRACT. These notes give an introduction to the theory of repro-
ducing kernel Hilbert spaces and their multipliers. We begin with the
material that is contained in Aronszajn’s classic paper on the subject.
We take a somewhat algebraic view of some of his results and discuss
them in the context of pull-back and push-out constructions. We then
prove Schoenberg’s results on negative definite functions and his charac-
terization of metric spaces that can be embedded isometrically in Hilbert
spaces. Following this we study multipliers of reproducing kernel Hilbert
spaces and use them to give classic proofs of Pick’s and Nevanlinna’s the-
orems. In later chapters we consider generalizations of this theory to the
vector-valued setting.

1. INTRODUCTION

These are the lecture notes for a course on reproducing kernel Hilbert
spaces first given at the University of Houston in the Spring of 2006.

Reproducing kernel Hilbert spaces arise in a number of areas, including
approximation theory, statistics, machine learning theory, group represen-
tation theory and various areas of complex analysis.

2. DEFINITIONS AND BASIC EXAMPLES

We will consider Hilbert spaces over either the field of real numbers, R,
or of complex numbers, C. We will use F to denote either R or C, so that
when we wish to state a definition or result that is true for either the real
or complex numbers, we will use F.

Given a set X, if we equip the set of all functions from X to F, F(X,F)
with the usual operations of addition, (f + ¢)(z) = f(z) + g(x), and scalar
multiplication, (A- f)(x) = A+ (f(x)), then F(X,TF) is a vector space over F.

Definition 2.1. Given a set X, we will say that ‘H is a reproducing
kernel Hilbert space(RKHS) on X over F, provided that:

(i) H is a vector subspace of F(X,TF),
(ii) H is endowed with an inner product, (,), making it into a Hilbert
space,
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2 V. I. PAULSEN

(ii) for every y € X, the linear evaluation functional, E, : H — T,
defined by Ey(f) = f(y), is bounded.

If H is a RKHS on X, then since every bounded linear functional is
given by the inner product with a unique vector in H, we have that for
every y € X, there exists a unique vector, k, € H, such that for every

fEHaf(y): <kay>

Definition 2.2. The function k, is called the reproducing kernel for the
point y. The 2-variable function defined by

K(z,y) = ky(z)
is called the reproducing kernel for H.
Note that we have,
K(l‘,y) = ky(x) = <ky7kx>
and
1By 11? = Ikyll? = (ky, ky) = K(y,y).-

Problem 2.3. Show that if H is a reproducing kernel Hilbert space on X
with reproducing kernel K (z,y), then K(y,z) = K(z,vy).

Definition 2.4. Let 'H be a reproducing kernel Hilbert space on X. We say
that ‘H separates points provided that for x # y there exists f € H such

that f(x) # f(y).

Problem 2.5. Let 'H be a reproducing kernel Hilbert space on X. Prove that
setting d(z,y) = sup{|f(z) — f(y)| : f € H,||f|| <1} defines a metric on X
if and only if H separates points. Give a formula for d(x,y) in terms of the
reproducing kernel.

Problem 2.6. Show that if H is a RKHS on X and Hg C 'H is a closed,
subspace, then Hoy is also a RKHS on X. Prove that the reproducing kernel
for Hy for a point y is the function Py(k,) where k, is the reproducing kernel
function for H and Py : H — Hy denotes the orthogonal projection of H onto
Ho.

Thus, there is a reproducing kernel, Ky(z,y), for the subspace Hy. One
of the problems that we shall study later is determining the relationship be-
tween Ko(z,y) and the reproducing kernel K (z,y) for the whole space. We
will see that although it is fairly easy to write down some general theorems
about this relationship, computing specific examples is much trickier.

Sometimes to fix ideas it helps to look at a non-example. Suppose that
we take the continuous functions on [0,1], C([0,1]), define the usual 2-norm
on this space, i.e., |[f]|? = fol |f(t)|?dt, and complete to get the Hilbert
space, L2[0,1]. Given any point x € [0, 1] it is easy to construct a sequence,
fn € C(]0,1]), such that lim, || f,|| = 0, and lim,, f,(z) = 4+o00. Thus, there
is no way to extend the values of functions at points in C(]0, 1]) to regard
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functions in L?[0, 1] as having values at points. This is just another way to
see that we can’t think of elements of L?[0, 1] as functions, in particular, it is
not a RKHS on [0,1]. One of the remarkable successes of measure theory is
showing that this completion can be regarded as equivalences of functions,
modulo sets of measure 0.
Thus, reproducing kernel Hilbert spaces are quite different from L?-spaces.
We now look at a few key examples.

The Hardy Space of the Unit Disk, H%(D).

This space plays a key role in function theoretic operator theory.

To construct H?(ID), we first consider formal complex power series, f ~
Yo g anz", g ~ > o2 byz™ and endow them with the inner product, (f, g) =
3% o nby. Thus, we have that || f||? = Y02, |an|*. The map L : H*(D) —
?2(N) defined by L(f) = (ag,a1,...) is a linear inner product preserving
isomorphism and hence we see that H?(D) can be identified with the Hilbert
space, /2(Z%), where ZT = {0,1,2,...} the natural numbers, N, together
with 0, and hence is itself a Hilbert space. Thus, we see that (ii) of the
above definition is met.

Next we show that every power series in H?(ID), converges to define a
function on the disk. To see this note that if z € D, then

o o0
|E:(f)] = ‘Zanz"] < Z |an|[z]" <
n=0 n=0

oo o0
o, [)1/? L2my1/2 g 1
(7;)\ %) (nz;)\ ) I1£1] JioP
Thus, each power series defines a function on D and the vector space opera-
tions on formal power series, clearly agrees with their vector space operations
as functions on D, and so (7) is met.

The above inequality also shows that the map, F, is bounded with || E, || <

L__ and so H?(D) is a RKHS on D.

1—|2|?

To compute the kernel, for a point w € D, note that g(z) = Y .~ whz" €
H%(D) and for any f(z) =Y oo, anz" € H*(D), we have that
fr9) =2 nZg anw™ = f(w).

Thus, g is the reproducing kernel for w and so

:

—~

oo
_ 1
K(z,w) =ky(z) =g(2) = X%w”z” =T"as
n—=
This function is called the Szego kernel on the disk.
Finally, we can compute, | E.| = K(z,2) = —= so that the above

V122’

inequality was sharp.

Problem 2.7. Let Hy C H?(ID) denote the subspace consisting of all func-
tions of the form f(z) = > 77 \ anz™.Find the reproducing kernel for Hy.
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Sobolev Spaces on [0,1]

These are very simple examples of the types of Hilbert spaces that arise
in differential equations.

Let H = {f : [0,1] — R : fis absolutely continuous,f(0) = f(1) =
0, f € L?[0,1]}. Recall that if a function is absolutely continuous, then it is
differentiable almost everywhere and is equal to the integral of its derivative.
Clearly, H is a vector space of functions on [0,1].

We endow H with the non-negative, sesquilinear form, (f, g) = fol F(t)g (t)dt

Since f is absolutely continuous and f(0) = 0, for any 0 < z < 1, we have
that f(z) = [; f'(t) fol f'(t)X[0,z (t)dt. Thus, by the Cauchy-Schwartz
1nequahty,

1 1
Bl < ( / £ty /0 Xioa (VA2 = [ FIV.

This last inequality shows that || f|| = 0 if and only if f = 0. Thus, (,)
is an inner product on H and that for every = € [0, 1], E; is bounded with
1Bl < Va.

All that remains to show that H is a RKHS is to show that it is complete.
If {f,} is a Cauchy sequence in this norm, then {f’} is Cauchy in L?[0,1]
and hence there exists g € L?[0,1] that this sequence converges to. By
the above inequality, {f,} must be pointwise Cauchy and hence we may
define a function by setting f(z) = lim,, fn(x). Since, f(x) = lim, fo(z) =
lim,, [ fr(t)dt = [ g(t)dt, it follows that f is absolutely continuous and
that f/ = g,a.e. and hence, f' € L?0,1]. Finally, f(0) = lim,, f,(0) =0 =
lim,, f,(1) = f(1), and so f € H.

Thus, H is a RKHS on [0,1].

It remains to find the kernel function. To do this we first formally solve
a differential equation and then show that the function we obtain by this
formal solution, belongs to H. To find k,(t), we apply integration by parts

to see that, f( )— (. ky) = [1 F/ (0K, (t)dt = — Jo FOKIt)dt =
_f[] k//
If we let, 0, denote the formal Dirac-delta function, then f(y fo

Thus, we need to solve the boundary-value problem, —k;(t) = 5 y(1), k (O) =
ky(1) = 0. The solution to this system of equations is called the Green’s
function for the differential equation. Solving formally, by integrating twice
and checking the boundary conditions, we find

K(z,y) :ky(x) _ {(1_9)-@, x Sy‘

(1-2)y z>y

After formally obtaining this solution, it can now be checked that it indeed
satisfies the necessary equations to be the reproducing kernel for H.

Note that, ||[Ey|? = ||ky|> = K(y,y) = y(1—y), which is a better estimate
than obtained above.
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Problem 2.8. Let H be the same set offunctzons as in the above problem,
but define a new inner product by (f, g) fo )+ f'(t)g'(t)dt. Prove
that ‘H is still a Hilbert space in this new inner pmduct show that the kernel
function is the formal solution to —kj +k, = 6,,ky(0) = ky(1) = 0 and find
K(z,y).

Problem 2.9. Let H; = {f : [0,1] — IR fis absolutely continuous, [ €
L2[0,1], £(0) = f(1)} and set (f,g) = £(0)g(0) + fo f'(t)g'(t)dt. Prove that
Hi1 is a RKHS, show that the kemelfunctzon is the formal solutzon to —kg =
Oy, Ky (1) — Ky, (0) 4 Ky (0) = 0,ky(0) = ky(1) and that the kernel, K(x,y) =
Ko(x,y) + 1, where Ko(x,y) denotes the kernel of the last example. Note
that Hy is equal to the span of H and the constant functions.

Bergman Spaces on Complex Domains

Let G C C be open and connected. We let
B%*(G) = {f : G — C|fis analytic on G and// |f(z + iy)|Pdzdy < +oo},
G

where d$dy denotes area measure. We define a sesquilinear form on B?(G)
by (f,9) = [ [ f(x+iy)g(x + iy)dedy. It is easily seen that this defines an
inner product on B?(G), so that B?(G) is an inner product space.

Theorem 2.10. Let G C C be open and connected. Then B%(G) is a RKHS
on G.

Proof. If we fix w € G and choose R > 0 such that the closed ball of radius

R centered at w, B(w; R)™, is contained in G, then by Cauchy’s integral

formula for any 0 < r < R, we have f(w) = % 027T f(w+re)do.
Therefore,

R
flw) = 5 [ rCapw)ir -

2
)dxd
7TR2/ fw+re WRQ//wR (x + iy)dxdy.

Thus, by Cauchy-Schwartz, it follows that | f(w)| < F—RQHfH i fB(w'R) dady)'/? =
)

This proves that for w € G the evaluation functional is bounded. So
all that remains to prove that B?(G) is a RKHS is to show that B?(G)
is complete in this norm. To this end let {f,} C B?*(G) be a Cauchy
sequence. For any w € G pick R as above and pick 0 < § < d(B(w; R), G¢),
where d(-,-) denotes the distance between the two sets. Then for any z
in the closed ball of radius R centered at w we have that the closed ball
of radius § centered at z is contained in GG. Hence, by the above estimate,
| frn(2) = fm(2)] < ﬁ || fro — fml|- Thus, the sequence of functions is uniformly
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convergent on every closed ball contained in G. If we let f(z) = lim,, f,(z)
denote the pointwise limit of this sequence, then we have that { f,,} converges
uniformly to f on each closed ball contained in G' and so by Montel’s theorem
f is analytic.

Since B%(G) C L*(G) and L?(G) is complete, there exists h € L?(G) such
that ||h — fu|l2 — 0. Moreover, we may choose a subsequence {f,,} such
that h(z) = limy, f,, (2) a.e., but this implies that h(z) = f(z) a.e. and so
|f = full2 — 0. Thus, f € B%(G) and so B?(G) is complete. O

Definition 2.11. Given any open connected subset G C C, the reproducing
kernel for B%(G) is called the Bergman kernel for the G.

The result that we proved above extends to open connected susbets of C"
and to many complex manifolds. Knowledge of the Bergman kernel of such
domains has many applications in complex analysis and the study of this
kernel is still an active area of research.

Note also that the above inequality shows that, B%(C) = (0), since in this
case R could be taken arbitrarily large, and so | f(w)| = 0 for any f € B?(C).
Thus, the only analytic function defined on the whole complex plane that is
square-integrable is the 0 function.

Problem 2.12. Let U = {z +iy : 0 < & < 400,0 < y < 1}. Give an
ezample of a non-zero function in B2(U).

When A = area(G) < +o0o, then the constant function 1 is in B?(G) and
|1]] = V/A. In this case it is natural to re-normalize so that ||1|| = 1, to do
this we just re-define the inner product to be,

(fi9) = ;//Gf(rvﬂy)g(ﬂiy)dwdy-

Often when books refer to the Bergman space on such a domain they mean
this normalized Bergman space. We shall adopt this convention too. So,
in particular, by the space, B%(DD), we mean the space of square-integrable
analytic functions on D, with inner-product,

)= [ [ #o+iia+ indady,

Problem 2.13. Show that the Bergman kernel for B*(D) is given by K (z,w)
1

(1—2w)2"

Weighted Hardy Spaces

We now look at another family of reproducing kernel Hilbert spaces. Given
a sequence 3 = {f,}, with £, > 0, consider the space of all formal power
series, f(z) = > o7y anz", such that the norm,

oo
A3 = Blanl?
n=0
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is finite. This is a Hilbert space with inner product, (f,g) = >"°° ; B2anbn,
where f(z) is as above and g(z) = Y o2 b,2". This Hilbert space is denoted
HE and is called a weighted Hardy space.

Thus, the usual Hardy space is the weighted Hardy space corresponding
to all weights 3, = 1.

A power series f(z) = > 07 anz™ in Hg will satisfy lim,, 5,|a,| = 0.
Hence, for n sufficiently large, we have that |a,| < B, '. Thus, the radius
1/n

of convergence Ry of f satisfies, R;l = limsup,, \an\l/ "™ < limsup,, On

1/n

(liminf,, 3,’")~!. Hence, f will have radius of convergence greater than,

liminf(3,)”"/" = R.

Thus, provided R > 0, every function in Hg will converge to define an

analytic function on the disk of radius R and Hg can be viewed as a space
of analytic functions on this disk.
It is easy to see that for any |w| < R, f(w) = (f, ky) where

>, wnz™
ku(2) = 3 ==
n=0 n

is in Hé Thus, given the constraint on the sequence § that R > 0, we
see that H[% is a RKHS on the disk of radius R, with reproducing kernel,
Kj(z,w) = ky(2).

Problem 2.14. Show that B?(D) is a weighted Hardy space.

In addition to the Hardy space and Bergman space of the disk, another
widely studied weighted Hardy spaces is the Segal-Bargmann space, which
is the weighted Hardy space that one obtains by taking weights £, = v/n!.
Since liminf, .o (n!)~/ (") = 400, this is a space of entire functions and
the reproducing kernel for this space is easily computed to be K (z,w) = e*%.

In the definition of weighted Hardy space it is not really necessary to
demand that every 3, > 0. Instead one considers a space of power series
such that 3, = 0 implies that the coefficient of z™ is 0.

The Dirichlet space is an example of this type of weighted Hardy space.
The Dirichlet space is obtained by taking weights 3, = \/n, so that every
function in the space is 0 at 0. The resulting space of power series is seen
to define functions that are analytic on the unit disk and has a reproducing
kernel given by K(z,w) = log(1 — zw), where the branch of the logarithm
is defined by taking the negative real axis as a cut line.

Multi-Variable Examples

Given a natural number n, by a multi-index we mean a point, I =
(i1,...,in) € (ZT)". Given z = (21,...,2,) € C", we set 2/ = 2{' ... 2in By
a power series in n variables, we mean a formal expression of the form
f(z) = Z[E(Z+)n arz!, where a; € C are called the coefficients of f.
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We define the n-variable Hardy space, H?(D") to be the set of all
power series, f ~ > cz+)n arz', such that || f||? = dore(+yn lar|? < +oo.

Reasoning as for the one-variable Hardy space one can see that for each
z € D™ the power series converges and defines an analytic function, f(z) and
that H2(D") is a RKHS on D" with kernel given by

n
- 1
K(z,w) = wlizl =T —.
( ) Z H 1 — w;z;
Ie(Z+)n i=1
Similarly, we can define multi-variable Bergman spaces, B?(G) for
G C C™ an open connected subset by using 2n-dimensional Lebesgue mea-
sure. As in the one variable case, if the Lebesgue measure of G is finite then

one often uses normalized Lebesgue measure to define the norm on B?(G),
so that the constant function 1 has norm 1.

Problem 2.15. Find the reproducing kernels for the space B2(D?) with
respect to the normalized and ordinary Lebesgue measure.

2.1. The Complexification of a RKHS of Real-Valued Functions.
Let H be a RKHS of real-valued functions on the set X with reproducing
kernel, K (x,y). Let W = {f1 + if2 : f1, fo € H}, which is a vector space of
complex-valued functions on X. If we set,

(fi +if2, 91 +ig2)w = (f1,91)n +i(f2, 91)n — i(f1, 92) % + (f2, 92) %,

then it is easily checked that this defines an inner product on W, with
corresponding norm,

L+ ifally = IFullF + 11213

Hence, W is a Hilbert space and since,

fiy) +ife(y) = (f1 +if2, ky)w,

we have that VW equipped with this inner product is a RKHS of complex-
valued functions on X with reproducing kernel, K(z,y).

We call W the complexification of H. Since every real-valued RKHS
can be complexified in a way that still preserves the reproducing kernel, we
shall from this point on, only consider the case of complex-valued reproduc-
ing kernel Hilbert spaces.

3. GENERAL THEORY

Let X be any set and let H be a RKHS on X with kernel K. In this section
we will show that K completely determines the space H and characterize
the functions that are the kernel functions of some RKHS.

Proposition 3.1. Let H be a RKHS on the set X with kernel K. Then the
linear span of the functions, ky(-) = K(-,y) is dense in H.



RKHS 9

Proof. A function f € H is orthogonal to the span of the functions {k, : y €
X} if and only if (f, ky) = f(y) = 0 for every y € X, which is if and only if
f=0. O

Lemma 3.2. Let H be a RKHS on X and let {f,} C H. Iflim, || fn,—f] =0,
then f(x) = lim, f,(x) for every x € X.

Proof. We have that |f,(x) — f(x)| = [{fun— f, kz)| < ||fn— fllllkzll = 0. O

Proposition 3.3. Let H;,i = 1,2 be RKHS’s on X with kernels, K;(x,y),i =
1,2. If Ki(x,y) = Ko(x,y) for all x,y € X, then Hy = Ho and || f||1 = || f||2
for every f.

Proof. Let K(z,y) = Ki(z,y) = Ko(x,y) and let W; = span{k, € H; :
x € X},1=1,2. By the above result, W is dense in H;,7 = 1,2. Note that
for any f € Wi, we have that f(x) = >, ajks;(2) and so it’s values as a
function are independent of whether we regard it as in W; or Ws.

Also, for such an f,||f||? = Doy it (ke ko) = D70, i K (2, 2;) =
I £13. Thus, ||f]|1 = ||f|]2, for all f € Wy = Wh.

Finally, if f € H;, then there exists a sequence of functions, {f,} C W
with || f — fulli — 0. Since, {f,} is Cauchy in W it is also Cauchy in
Wi, so there exists g € Ha with ||g — fnll2 — 0. By the above Lemma,
f(z) = lim, fp(x) = g(x). Thus, every f € H; is also in Ha, and by an
analogous argument, every g € Ha is in ‘H;. Hence, H; = Has.

Finally, since || f||1 = || f]|2 for every f in a dense subset, we have that the
norms are equal for every f. O

We now look at another consequence of the above Lemma. This result
gives another means of calculating the kernel for a RKHS that is very useful.

Recall that given vectors {hs : s € S} in a normed space H, indexed
by an arbitrary set S. We say that h = ) _¢hs provided that for every
€ > 0, there exists a finite subset Fy C S, such that for any finite set
F,Fy C F C S, we have that ||h — ) . hs|| < e. Two examples of this type
of convergence are given by the two Parseval identities. When {e; : s € S}
is an orthonormal basis for a Hilbert space, H, then for any h € H, we have

that
Rl =" [(h, es)]?
sesS
and
h = Z(h, €s)€s.
seS

Note that these types of sums do not need S to be an ordered set to
be defined. Perhaps, the key example to keep in mind is that if we set
an = %,n € N then the series, Y >, a, converges, but > _yay does
not converge. In fact, for complex numbers, one can show that > _yzn
converges if and only if ) 7, |z,| converges. Thus, this convergence is

equivalent to absolute convergence in the complex case.
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Theorem 3.4. Let H be a RKHS on X with reproducing kernel, K(x,y). If
{es : s € S} is an orthonormal basis for H, then K(x,y) = Y cges(y)es(r)
where this series converges pointwise.

Proof. For any y € X, we have that (ky,es) = (es,ky) = es(y). Hence,
ky =3 .cses(y)es, where these sums converge in the norm on H.
But since they converge in the norm, they converge at every point. Hence,

K(z,y) = ky(2) = Xses es(y)es(z). O

For a quick example of this theorem, we can easily see that in the Hardy
space, the functions e,(z) = 2™,n € Z* form an orthonormal basis and
hence, the reproducing kernel for the Hardy space is given by

> 1

D en(2)en(w) = (20)" = —

neZ+t n=0

Returning to our earlier example of a Sobolev space on[0,1],
H = {f :[0,1] — R : fis absolutely continuous,f(0) = f(1) = 0, f" €
L?[0,1]}, it is easily checked that for n # 0, the functions

2mint
e -1
en(t) = ———

belong to H and are orthonormal. If f € Hand 0 = (f,e,) = —i fol f!(t)e?™ntdt
for all n € N, then since the functions, {€*™"}, 4, together with the con-
stants span L2[0, 1], we see that f/(t) is constant and hence that f(t) is a
first degree polynomial. But the boundary conditions, f(0) = f(1) = 0 are
easily seen to imply that this polynomial is 0.

Hence, we have shown that these functions are an orthonormal basis for H.
Applying the above theorem and our earlier calculation of the reproducing
kernel, we have that,

2m™n

2minx 1 2miny 1
> o C )(e )

4m2n?
B Z cos(2mn(x — y)) — cos(2mnzx) — cos(2mny) + 1
B 272n?

n#0

:{u—y)x, r<y

y(l—z), >y

Problem 3.5. Let H be a RKHS on a disk of radius R > 0. Prove that
H = Hg for some sequence (8 if and only if 2" € H for all n > 0, the set
{z" :n > 0} is total and z" L 2™ m # n. Give a formula for the weight
sequence (3 in this case.

If a set of functions sums to the kernel as in the above theorem, it need
not be an orthonormal basis for the RKHS, but such sets do have a very
nice and useful characterization. The following definition is motivated by
the first Parseval identity.
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Definition 3.6. Let H be a Hilbert space with inner product, (-,-). A set of
vectors {fs: s € S} CH is called a Parseval frame for H provided that

1RI? = IR, £) 17

s€S
for every h € 'H.

For example, if {us : s € S} and {v; : t € T'} are two orthonormal bases
for H, then the sets, {us : s € S}U{0} and {us/v2: s € S}U{v/V2:t € T}
are both Parseval frames for H.

Problem 3.7. Show that the set of three vectors, {(%, %), (%, 0), (%, \7—%)}

is a Parseval frame for C2.

Problem 3.8. Show that for any N > 3, the set of vectors, {4/ % (cos( ) sm(QNj)) :
j=1,..,N}, is a Parseval frame for C2.

Thus, in particular, we see that Parseval frames do not need to be linearly
independent sets.

The following result shows one of the most common ways that Parseval
frames arise.

Proposition 3.9. Let H be a Hilbert space, let Hy C H be a closed subspace
and let Py denote the orthogonal projection of H onto Ho. If {es : s € S} is
an orthonormal basis for H, then {Py(es) : s € S} is a Parseval frame for
Ho.

Proof. Let h € Hp, then h = Py(h) and hence, (h,es) = (Py(h),es) =
(h, Py(es)). Thus, [|h]|? =3 ,cq|(h, Po(es))|? and the result follows. O

The following result shows that either of the Parseval identities could have
been used to define Parseval frames.

Proposition 3.10. Let H be a Hilbert space and let {fs : s € S} C H.
Then {fs : s € S} is a Parseval frame if and only if h =3 _o(h, fs) fs for
every h € H. Moreover, if {fs : s € S} is a Parseval frame, then for any
hi, he € H, we have that <h1, h2> = Zses<h17 fs><fs, h2>.
Proof. Let £2(S) = {g: S — C: > cqlg9(s)|* < oo} denote the Hilbert
1 t=s
0 t#s’
be the canonical orthonormal basis. Define, V : H — ¢2(S), by (Vh)(s) =
(h, fs), so that in terms of the basis, Vh =) __s(h, fs)es

We have that {fs : s € S} is a Parseval frame if and only if V' is an
isometry. Note that (h,V*e;) = (Vh,e:) = (h, fi), and hence, V*e; = fi.

Recall from the general theory of Hilbert spaces that V' is an isometry if
and only if V*V = Iy. But V*V = Iy if and only if,

h=VVh=V*Q_(h fo)es = Y (h f)V*(es) = D (b f) fs,

SES seS SES

space of square-summable functions and let e; : S — C, e(s) = {
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for every h € H.
Thus, we have that {fs; : s € S} is a Parseval frame if and only if V is an
isometry if and only if V*V = Iy if and only if

h = Z<h7 fs>f57

seS

for every h € H.
Finally, since V is an isometry, for any hi, hs € H, we have that

<h1, h2>H = <V*Vh1, h2>H = (Vhl,thﬂz(S)
=D (Vh)(s)(Vha)(s) = D (hu fo)(fs, ha)

ses seS

O

The proof of the above result shows that our first proposition about how
one could obtain a Parseval frame is really the most general example.

Proposition 3.11 (Larson). Let {fs : s € S} be a Parseval frame for a
Hilbert space H, then there is a Hilbert space K containing H as a subspace
and an orthonormal basis {es : s € S} for K, such that fs = Py(es),s € S,
where Py denotes the orthogonal projection of IC onto H.

Proof. Let K = (*(S) and let V : H — (2(S) be the isometry of the last
proposition. Identifying H with V(H) we may regard H as a subspace of
?2(8). Note that P = VV* : (%(S) — (?(9), satisfies P = P* and P? =
(VV*)(VV*) = V(V*V)V* = VV* = P. Thus, P is the orthogonal projec-
tion onto some subspace of £2(S). Since Pes = V (V*es) = V fs € V(H), we
see that P is the projection onto V(H) and that when we identify “h = Vh”,
we have that P is projection onto H with Pes; =V fs = fs. O

The following result gives us a more general way to compute reproducing
kernels than 3.4. It was first pointed out to us by M. Papadakis.

Theorem 3.12 (Papadakis). Let H be a RKHS on X with reproducing
kernel K(z,y). Then {fs : s € S} C H is a Parseval frame for H if and
only if K(x,y) =3 ,cq fs(x)fs(y), where the series converges pointwise.

Proof. Assuming that the set is a Parseval frame we have that, K(z,y) =

<kyv kw) = Zses<kya fs><f87 kx) = ZSGS = ZSGS fs(y)fs(a:)

Conversely, assume that the functions sum to give K as above. If o; are
scalars and h =}, a;ky, is any finite linear combination of kernel functions,
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then

IAII? = Zajaz Za]az (i yj) =
Za]azz.fs y] fs yz Za]azz kyj7f5><f87kyi> =

ses SES

S Zajkyj,fs (for Y aiky) =" |(h, fo)?

seS g i seS

By Proposition 3.1, the set of such vectors, h, is dense in H. Now it is
easily seen that if we take a limit of a norm convergent sequence of vectors
on both sides of this identity, then we obtain the identity for the limit
vector, too. Thus, the condition to be a Parseval frame is met by the set

{f,:s€Sh O

3.1. Characterization of Reproducing Kernels. We now turn our at-
tention to obtaining necessary and sufficient conditions for a function K (z, y)
to be the reproducing kernel for some RKHS. We first recall some facts about
matrices.

Let A = (ai ;) be a n x n complex matrix. Then A is positive(written:
A > 0) if and only if for every aq, ..., a, € C we have that szzl woja;; >
0.

Some remarks are in order. If we let (,) denote the usual inner product
on C", then in terms of the inner product, A > 0 if and only if (Az,z) > 0
for every z € C™. In fact the sum in the definition is (Az,x) for the vector
x whose i-th component is the number «;.

Also, A > 0 if and only if A = A* and every eigenvalue, A, of A, satisfies
A > 0. For this reason, some authors might prefer to call such matrices posi-
tive semidefinite or non-negative, but we stick to the notation most common
in operator theory and C*-algebras. In the case that A = A* and every eigen-
value, A, of A, satisfies A > 0 then we will call A strictly positive(written:
A > 0). Since A is a matrix, we see that A > 0 is equivalent to A > 0 and
A invertible.

Definition 3.13. Let X be a set and let K : X x X — C be a function of two
variables. Then K is called a kernel function(written: K > 0) provided
that for every n and for every choice of n distinct points, {x1,...,xn,} C X,
the matriz, (K(x;,xj)) > 0.

This terminology is by no means standard. Some authors prefer to call
kernel functions, positive definite functions, while other authors call them
positive semidefinite functions. To further confuse matters, authors who call
kernel functions, positive semidefinite functions often reserve the term pos-
itive definite function for functions such that (K (x;, x;)) is strictly positive.
Thus, some care needs to be taken when using results from different places
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in the literature. We have adopted our terminology to try avoid these prob-
lems. Also because, as we shall shortly prove, a function is a kernel function
if and only if there is a reproducing kernel Hilbert space for which it is the
reporducing kernel.

Problem 3.14. Prove that sums of kernel functions are kernel functions
and that, if K is a kernel function and f : X — C is any function, then
Ko(x,y) = f(z)K(x,y)f(y) is a kernel function.

Proposition 3.15. Let X be a set and let H be a RKHS on X with repro-
ducing kernel K. Then K is a kernel function.

Proof. Fix {x1,...,2,} C X and ay,...,a, € C. Then we have that
YooK (i, xg) = (O, ks, > aika) = |1 325 ajke,|I* > 0, and the
result follows. O

We remark that, generally, for a reproducing kernel, (K (z;,z;)) > 0. For
if not, then the above calculation shows that there must exist some non-zero
vector such that || >, ajks;[| = 0. Hence, for every f € H we have that
>0 f(zj) = (f, 22 @jks;) = 0. Thus, in this case there is an equation of
linear dependence between the values of every function in H at some finite
set of points.

Such examples do naturally exist. Recall that in the Sobolev spaces on
[0,1], we were interested in spaces with boundary conditions, like, f(0) =
f(1), in which case k1 (t) = ko(t).

Alternatively, many spaces of analytic functions, such as the Hardy or
Bergman spaces, contain all polynomials. Note that there is no equation of
the form, . B;p(x;) = 0 that is satisfied by all polynomials. Consequently,
the reproducing kernels for these spaces always define matrices that are
strictly positive and invertible!

Thus, for example, recalling the Szego kernel for the Hardy space, we see
that for any choice of points in the disk, the matrix, (ﬁ) is invertible.
For one glimpse into how powerful the theory of RKHS can iae, try to show
this matrix is invertible by standard linear algebraic methods.

Although the above proposition is quite elementary, it has a converse
that is quite deep and this gives us characterization of reproducing kernel
functions.

Theorem 3.16 (Moore). Let X be a set and let K : X x X — C be a
function. If K is a kernel function, then there exists a reproducing kernel
Hilbert space of functions on X such that K is the reproducing kernel of H.

Proof. For each y € X, set ky(z) = K(z,y) and let W C F(X) be the space
spanned by the set, {k, : y € X'}, of these functions.

We claim that there is a well-defined sesquilinear map, B : W x W — C
given by B(Zj ajky;, > Biky,) = Z” a;BiK (yi,y;), where o and §; are

scalars.
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To see that B is well-defined on W, we must show that if f(z) = >, a;ky, (z)
is identically zero as a function on X, then B(f,w) = B(w, f) = 0 for any

w € W. Since W is spanned by the functions, k, it is enough to show that
B(f,ky) = B(ky, f) = 0. But, by the definition, B(f, k,) = Z]- ;K (y,y5) =

f(y) = 0. Similarly, B(ky, ) = 32; 0 K(y;,y) = >_; 05K (y,y;) = f(y) = 0.

Conversely, if B(f,w) = 0 for every w € W, then taking w = k,, we see
that f(y) = 0. Thus, B(f,w) = 0 for all w € W if and only if f is identically
zero as a function on X.

Thus, B is well-defined and it is easily checked that it is sesquilinear.
Moreover,for any f € W we have that f(x) = B(f, kz).

Next since K is positive, for any f = 3, a;ky,, we have that B(f, f) =
> K (yi,y;) 2 0.

Thus, we have that B defines a semi-definite inner product on W. Hence,
by the same proof as for the Cauchy-Schwarz inequality, one sees that
B(f,f) = 0 if and only if B(w, f) = B(f,w) = 0 for all w € W. Hence
we see that B(f, f) = 0 if and only if f is the function that is identically 0.

Therefore, B is an inner product on W.

Now given any inner product on a vector space, we may complete the
space, by taking equivalence classes of Cauchy sequences from W to obtain
a Hilbert space, H.

We must show that every element of H is actually a function on X (unlike,
say, the case of completing the continuous functions on [0,1] to get L?[0, 1]).
To this end, let h € H and let {f,} € W be a Cauchy sequence that
converges to h. By the Cauchy-Schwartz inequality, |fn(z) — fm(z)| =
|B(frn, — fm, k)| < || fn — fmllv/ K (x,2z). Hence, the sequence is pointwise
Cauchy and we may define, h(z) = lim, f,,(x). The usual argument shows
that this value is independent of the particular Cauchy sequence chosen.

Finally, if we let (-, -) denote the inner product on H, then for h as above,
we have, (h, ky) = lim, (fy, ky) = lim,, B(f,, ky) = lim,, fr(y) = h(y).

Thus, H is a RKHS on X and since k, is the reproducing kernel for the
point y, we have that K(x,y) = ky(x) is the reproducing kernel for H. O

Moore’s theorem, together with Proposition 3.3 shows that there is a one-
to-one correspondence between RKHS’s on a set and positive functions on
the set.

Definition 3.17. Given a kernel function K : X x X — C, we let H(K)
denote the unique RKHS with reproducing kernel K.

A reproducing kernel Hilbert space, H, on X is said to separate points,
provided that for every z1 # o there exists f € H with f(z1) # f(z2).

Problem 3.18. Let K : X x X — C be a kernel function. Prove that for
x1 # x the 2 X 2 matriz, (K(xj,x;)) is strictly positive if and only if ks,
and ky, are linearly independent. Deduce that if for every x1 # x2, this 2x2
matrix is strictly positive, then H(K) separates points on X.
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One of the more difficult problems in the theory of RKHS’s is starting with
a positive definite function, K, to give a concrete description of the space,
H(K). We shall refer to this as the reconstruction problem. For example,
if we started with the Szego kernel on the disk, K (z,w) = 1/(1 —wz), then
the space W that we obtain in the proof of Moore’s theorem consists of
linear combinations of the functions, k,(z), which are rational functions
with a single pole of order one outside the disk. Thus, the space W will
contain no polynomials. Yet the space H(K) = H?(ID), which contains the
polynomials as a dense subset. In later chapters we will prove theorems
that, at least in the analytic case, will allow us to determine when H(K)
contains polynomials.

We close this chapter with a simple application of Moore’s Theorem.

Proposition 3.19. Let X be a set, let f be a non-zero function on X and
set K(x,y) = f(x)f(y). Then K is positive, H(K) is the span of f and
If1l = 1.

Proof. To see that K is positive, we compute,

2y it K (wi,x) = | 35, 0 f (24)]* > 0.

To find, H(K), note that every function k, = f(y)f and hence, W is just
the one-dimensional space spanned by f. Since finite dimensional spaces are
automatically complete, H is just the span of f.

Finally, we compute the norm of f. Fix any point y such that f(y) # 0.

Then [f(y)[* - [ fI* = IfW)FII* = lkylI* = (ky, ky) = K(y,9) = £ (v)[* and
it follows that ||f|| = 1. O

4. INTERPOLATION AND APPROXIMATION

One of the primary applications of the theory of reproducing kernel Hilbert
spaces is to problems of interpolation and approximation. It turns out that
it is quite easy to give concrete formulas for interpolation and approximation
in these spaces.

Definition 4.1. Let X and Y be sets and let {z1,...,z,} C X and
{y1,.--yyn} C Y be subsets, with the x;’s distinct points. We say that a
function g : X — Y interpolates these points, provided that g(x;) = y;,i =
1,...,n.

Let H be a RKHS on X with reproducing kernel, K. Assume that
{z1,...,2,} C X is a set of distinct points and that {\1,...,\,} € C
is a collection of possibly non-distinct numbers. We will give necessary and
sufficient conditions for there to exist a function ¢ € H that interpolates
these values and then we will give a concrete formula for the unique such
function of minimum norm. We will then use this same technique to give a
solution to the reconstruction problem.

Before proceeding, we adopt the following notation. Given a finite set
F ={xy,...,z,} € X of distinct points, we will let Hr C H denote the
subspace spanned by the functions, {ky,,..., ks, }
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Note that dim(Hp) < n and its dimension would be strictly less if and
only if there is some non-zero equation of linear dependence among these
functions. To understand what this means, suppose that Z?Zl ajky; =0,
then for every f € H,

0= <f,Zajkxj> = ZOTJJC(%)
j=1 J=1

Thus, we see that dim(Hp) < n if and only if the values of every f € ‘H
at the points in F' satisfy some linear relation. This can also be seen to
be equivalent to the fact that the linear map Tr : H — C" defined by
Tr(f) = (f(z1),..., f(x,)) is not onto.

Thus, when dim(Hp) < n, there will exist (y1,...,yn) € C", which can
not be interpolated by any f € H.

We’ve seen that it is possible for there to be equations of linear dependence
between the kernel functions and sometimes even desirable, such as in the
case of the Sobolev space, where the boundary conditions implied that k; =
ko = 0.

We shall let Pr denote the orthogonal projection of H onto Hp.

Note that g € H£ if and only if g(z;) = (g, kz,) = 0,i = 1,...,n. Hence,
for any h € H, we have that

Pp(h)(x;) = h(x;),i=1,...,n.

Proposition 4.2. Let {z1,...,x,} be a set of distinct points in X and
let {\1,...,A\n} C C. If there exists g € H that interpolates these values,
then Pr(g) is the unique function of minimum norm that interpolates these
values.

Proof. By the remarks, if g; and go are any two functions that interpolate
these points, then (g1 — g2) € H#. Thus, all possible solutions of the inter-
polation problem are of the form g + h,h € Hf and the unique vector of
minimum norm from this set is Pp(g). O

We now give necessary and sufficient conditions for the existence of any
solution to this interpolation problem.

Some comments on matrices and vectors are in order. If A = (a; ;) is an
n X n matrix and we wish to write a matrix vector equation, v = Aw, then
we need to regard v and w as column vectors. For typographical reasons it
is easier to consider row vectors, so we will write a typical column vector as
v=(v1,...,v,)", where, ”t”, denotes the transpose.

We begin by recalling a calculation from the last section.

Proposition 4.3. Let X be a set, let H be a RKHS on X with kernel K
and let {x1,....,zn} C X be a finite set of distinct points. If w = (aq, ..., )
is a vector in the kernel of (K (zi,;)), then the function, f =3, ajky; is
identically 0.
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Proof. We have that f = 0 if and only if || f|| = 0. Now we compute, || f||?> =
Zi,j i <kmj7 ke,) = Zi,j oy K (2, 25) = (K (24, 2))w, w)cn = 0, and the
result follows. (]

Note that the above result shows that if w; = (aq,... ,an)t and wy =
(B, .., Bn)t are two vectors satisfying (K (z;, z;))wr = (K (zi, zj))wa, then
2?21 kg (y) = 2?21 Bikz, (y) for every y € X.

Theorem 4.4. (Interpolation in RKHS) Let H be a RKHS on X with repro-
ducing kernel, K, let F = {x1,...,x,} C X be distinct and let {\1,...,\,} C
C. Then there exists g € H that interpolates these values if and only if
v=(A1,..., )" is in the range of the matriz (K (x;,x;)). Moreover, in this
case if we choose w = (..., ) to be any vector whose image is v, then
h =73, aiky, is the unique function of minimal norm in H that interpolates
these points and ||h|? = (v, w).

Proof. First assume that there exists, g € H such that g(x;) = N\,i =
1,...,n. Then the solution of minimal norm is Pr(g) = >_; Bjks; for some
scalars, 01, ..., 0n. Since A; = g(x;) = Pr(9)(z:) = >_; Bjka,(xi), we have
that wy = (31, ..., Bn)" is a solution of v = (K (z;, z;))w.

Conversely, if w = (a1, ..., a )t is any solution of the matrix vector equa-
tion, v = (K (z;, z;))w and we set h =}, ajky;, then h will be an interpo-
lating function.

Note that w — wy is in the kernel of the matrix (K (z;,«;)) and hence
by the above proposition, Pr(g) = h. Hence, h is the function of minimal
norm that interpolates these points. Finally, ||h]|? = > oo K (i, zj) =
(K (i, 3))w, w0) = (v, ). O

Corollary 4.5. Let H be a RKHS on X with reproducing kernel, K, and
let F = {x1,...,2,} C X be distinct. If the matriz (K(z;,x;)) is invert-
ible, then for any {A\1,..., Ay} C C there exists a function interpolating
these wvalues and the unique interpolating function of minimum norm is
given by the formula, g = >, ajky; where w = (a1, ...,an)t is given by
w = (K(x;,2;)) v, with v = (A1, ..., \p)".

Assume that F' = {z1,...,z,}, that P = (K (x;,x;)) is invertible as in the
above corollary and write P~ = (b; ;) = B. Let ej,j = 1,...,n denote the
canonical basis vectors for C". The columns of B are the unique vectors
wj,j = 1,...,n that are solutions to e; = Pw;. Thus, if we set

i
then g%(a:,) = 0; j, where 0; ; denotes the Dirac delta function. Hence,
9= Ngr
J

is the unique function in Hp satisfying g(x;) = \j,i = 1,...n.
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Definition 4.6. Let X be a set, K : X x X — C a positive function, and
F = {x1,...,zn} a finite set of distinct points and assume that (K(x;,x;))
is invertible. We call the collection of functions, g%,j =1,...n, a partition
of unity for Hp.

Problem 4.7. Let X be a set, K : X x X — C a positive function, and
F = {x1,...,z,} a finite set of distinct points. Prove that (K(z;,x;)) is
invertible if and only if ks, , ..., ks, are linearly independent.

Problem 4.8. Let K : X x X — C be a kernel function and let x1, ..., xy,
be a set of n distinct points in X. Prove that the dimension of the span of
{kzy,.... ks, } is equal to the rank of the matriz n x n matriz, (K(x;, x;)).

Problem 4.9. Let X be a set, K : X x X — C a positive function, and F =
{z1,...,zn} a finite set of distinct points and assume that (K (zi,x;)) is in-
vertible. Assume that the constant function 1, belongs to span{ks,, ..., kz, }.
Prove that 3~ g-(x) = 1 for all v € X.

Problem 4.10. Let K denote the Szego kernel and let zy # zo be points
in the unit disk. Compute, explicitly the functions g};x,g% for F = {z1,29}.
What happens to these functions as z1 — 227

Problem 4.11. Repeat the above problem with the Szego kernel on the disk
replaced by the Bergman kernel on the disk.

Given a set X, we let Fx denote the collection of all finite subsets of
X. The set Fx is a directed set with respect to inclusion. That is, setting
Iy < Fy if and only if F; C F5 defines a partial order on Fx and given
any two finite sets, I}, F5 there is always a third finite set, G, that is larger
than both, in particular, we could take, G = Fy U Fy. Also, recall that a
net is a generalization of the concept of a sequence, but it is indexed by an
arbitrary directed set. We will also use the concept of convergence of nets,
which is defined by analogy with convergence of sequences. These concepts
are used in a fairly self-explanatory manner in the following results. If the
reader is still uncomfortable with these notions after reading the proofs of
the following results, a good reference for further reading on nets is [3].

Proposition 4.12. Let ‘H be a RKHS on the set X, let g € H and for
each finite set F C X, let gr = Pr(g), where Pp denotes the orthogonal
projection of H onto Hp. Then the net {gr}rcr, converges in norm to g.

Proof. Let K(x,y) denote the reproducing kernel for H and let ky(-) =
K(-,y). Given € > 0, by Proposition 3.1, there exists a finite collection of
points, Fy = {1, ..., 2, } and scalars, {o, ..., } such that ||g—> ", aiks, || <
€.

Since g, is the closest point in Hp, to g, we have that ||g — gr,|| < e.
Now let F' be any finite set, with Fy C F. Since, gr is the closest point in
Hr to g and gp, € Hp, we have that ||g — gr| < €, for every Fy C F, and
the result follows. O
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Before proving the next result we will need a result about finite matrices.
Recall that if A and B are self-adjoint matrices, then we write, A < B or
B > A to mean that B — A > 0.

Proposition 4.13. Let P > 0 be an n x n matriz, and let x = (x1,...,1,)"
be a vector in C". If za* = (z;7;) < cP, for some scalar, ¢ > 0, then z
is in the range of P. Moreover, if y is any vector such that x = Py, then
0<(x,y) <ec.

Proof. Let R(P) denote the range of P and N(P) denote the kernel of P.
We have that V' (P) = R(P)~*. Thus, we may write z = v+w with v € R(P)
and w € N(P).

Now, (z,w) = (w,w), and hence, |w||* = (w, z)(z,w) = 20 TjWT; =
((z;7j)w,w) < (cPw,w) =0, since Pw = 0.

This inequality shows that w = 0 and hence, z = v € R(P).

Now if we write = Py, then (z,y) = (Py,y) > 0. As above, we have
that (z,y)* = (y,){(z,y) = ((2:77)y, y) < (cPy,y) = c(z,y). Cancelling one
factor of (x,y) from this inequality, yields the result. O

Problem 4.14. Let P > 0 be an n X n matriz. Prove that © € R(P) if and
only if there exists a constant ¢ > 0 such that (x;7;) < cP.

We are now able to prove a theorem that characterizes the functions that
belong to a RKHS in terms of the reproducing kernel.

Theorem 4.15. Let H be a RKHS on X with reproducing kernel K and let
f:X — C be a function. Then the following are equivalent:
(1) feH,
(2) there exists a constant, ¢ > 0, such that for every finite subset,
F ={x1,..xp} C X, there ezists a function h € H with ||h| < ¢ and
(3) there erists a constant, ¢ > 0, such that the function, 2K (z,y) —
f(x)f(y) is a kernel function.

Moreover, if f € H, then ||f|| is the least ¢ that satisfies the inequalities in
(2) and (3).
Proof. (1) implies (3). Let F' = {z1,...,z5,} C X, let aq, ..., a, be scalars
and set g = 3 ajkq,. Then, 37, s aa f (i) f(2;) = | X, aif (2:)]* = (£, 9)I”
1£11Ngl1? = |I£11? >ij oo K (2, z5). Since the choice of the scalars was ar-
bitrary, we have that (f(z;)f(z;)) < | fII*(K (zi,z;)) and so (3) follows with
c= £l

(3) implies (2) Let F' = {z1,...,z,} C X be a finite set. Apply Propo-
sition 4.13 to deduce that the vector v whose entries are \; = f(x;) is in the
range of (K(z;,2;)). Then use the Interpolation Theorem to deduce that
there exists h = ), a;ks, in Hp with h(z;) = f(z;). Let w denote the vector
whose components are the a;’s and it follows that ||h||?> = (v,w) < ¢ by
applying Proposition 4.13 again.

IN
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(2) implies (1) By assumption, for every finite set F' there exsits hp € H
such that ||hp|| < ¢ and hp(x) = f(z) for every x € F. Set gr = Pp(hp),
then gp(x) = hp(x) = f(x) for every x € F and ||gr| < ||hr] < c.

We claim that the net {gr}rer, is Cauchy and converges to f.

To see that the net is Cauchy, let M = sup|lgr| < c and fix ¢ > 0.
Choose a set Fj such that M — 86—]\24 < |lgr,||- For any F' € Fx with Fy C
F we have that Pr,(g9r) = gr, and hence, ((gr — gr,),9r,) = 0. Hence,

2
lgrll® = lgrl* + g — grll*, and so M — g7 < llgr || < llgrll < M.
Therefore, 0 < ||gr| — |lgr || < 57, and we have that |lgr — gr,||* =

92— 19 I = (lgr I+ lgm ) (lgrl— lgrl) < 2M . Thus, llgr—gr, |l <
5 and so for any Fi,Fy € Fx with Fy C Fy,Fy C Fy, it follows that
lgr, — gF,|| < € and we have proven that the net is Cauchy.

Thus, there is a function g € H that is the limit of this net and hence,
llgll < M < c. But since any norm convergent net also converges pointwise,
we have that g(z) = f(x) for any x. Thus, the proof that (2) implies (1) is
complete.

Finally, given that f € H, we have that the conditions of (2) and (3) are
met for ¢ = || f||. So the least ¢ that meets these conditions is less than || f||.
Conversely, in the proof that (3) implies (2), we saw that any ¢ that satisfies
(3) satisfies (2). But in the proof that (2) implies (1), we saw that || f]| < c.
Hence any ¢ that meets the inequalities in (2) or (3) must be greater than

£l O

The following result illustrates some of the surprising conequences of the
above theorem.

Corollary 4.16. Let f : D — C be a function. Then f is analytic on D and
has a square summable power series if and only if there exists ¢ > 0 such
that K(z,w) = e _ f(2)f(w) is a kernel function on D.

1—zw

What is a bit surprising in this last result is that the analyticity of f
follows from the kernel function condition, which is just the requirement
that certain matrices be positive semidefinite.

Problem 4.17. Give the reproducing kernel condition for a function f :
[0,1] — R to be absolutely continuous, with f(0) = f(1) and f' square-
integrable. Can you give a direct proof, without using the above theorem,
from this condition that f is absolutely continuous?

Problem 4.18. Let  # y be points in D. Prove that sup{|f(y)| : f €

H2(D), f(x) =0,||f] <1} < % Is this inequality sharp?

5. OPERATIONS ON KERNELS

In this section we consider how various algebraic operations on kernels ef-
fect the corresponding Hilbert spaces. The idea of examining and exploiting
such relations, along with many of the results of this section can be traced
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back to the seminal work of Aronszajn. The first result characterizes when
differences of reproducing kernels is positive.

Theorem 5.1 (Aronszajn). Let X be a set and let K; : X x X — C,i=1,2
be positive with corresponding reproducing kernel Hilbert spaces, H(K;) and
norms, || - |l;,i = 1,2. Then H(K1) C H(K3) if and only if there exists a
constant, ¢ > 0 such that, Ki(z,y) < ¢?Ka(x,y). Moreover, in this case,
1l < cllfl for all f € H(K).

Proof. First, assume that such a constant ¢ > 0 exists. We have that if
f € H(Ky) with ||f]1 = 1, then f(z)f(y) < Ki(z,y) < 2Ka(z,y), which
implies that f € H(K2) and ||f||2 < ¢. Hence, H(K1) C H(K32) and || f||2 <
el fl.

We now prove the converse. Assume that H(K;) C H(K2) and let T :
H(K1) — H(K32) be the inclusion map, T'(f) = f. If {f,} is a sequence in
H(K1) and f € H(K1), g € H(K2) with || fo—f[li — 0and |T'(fn)—gl2 — 0,
then f(x) = lim, f,(x) = lim, T'(fn)(z) = g(x). Thus, g = T'(f) and by the
closed graph theorem, T is closed and hence bounded. Let ||T’|| = ¢ so that,
1£ll2 < el fls for all f € H(Ky).

We claim that, K1 < ¢?Ks. To this end fix, {z1,...,z,} C X, and scalars,
ag, ..., an € C. We set kl( ) = Ki(z,y), k:Q( ) = Ka(z,y).

We now calculate, 0 < B = ), & Ki(zi, x5) = Zwala] ( i) =
Qi sz%<km],ki> = () sk, Zz ko2 <25 gk lla )l 325 cakZ Iz <
el 32 ek Nl 11 325 ik, |12

Squaring the first and last terms of this inequality, we have that, B? <
C2B(Zm oo j Ko (i, ;). Upon cancelling a factor of B from each side, the
result follows. ]

Definition 5.2. Given two Hilbert spaces, H; with norms, || - |;,i = 1,2,
we say that Hi is contractively contained in Hsy provided that Hi is a
subspace of Ha and for every h € Hy, ||hl|2 < ||h]]1-

Corollary 5.3. Let H;,i = 1,2 be RKHS’s on the set X with reproducing
kernels, K;,1 = 1,2, respectively. Then Hy is contractively contained in Ha
if and only if Ko — K1 is a kernel function.

Problem 5.4. Use the above Corollary to show that H*(D) is contractively
contained in B?(D).

Definition 5.5. A reproducing kernel Hilbert space on the unit disk thqt is
contractively contained in the Hardy space H?(D) is called a de Branges
space.

Problem 5.6. Show that a weighted Hardy space Hg s a de Branges space
if and only if B, < 1, for all n.

Properties of de Branges spaces played a key role in L. de Branges solution
of the Bieberbach conjecture [4]. These spaces were studied extensively in
the book [5].
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If A and B are positive matrices, then so is A+ B. Thus, if K;,i = 1,2 are
kernel functions on a set X, then so is the function K = K1 + K5. The next
result examines the relationship between the three corresponding RKHS’s.

Theorem 5.7 (Aronszajn). Let H;,i = 1,2 be RKHS’s on X with repro-
ducing kernels, K;,i = 1,2, and norms, || -|i,i =1,2. If K = K; + Ky and
H(K) denotes the corresponding RKHS with norm, || - ||, then

HK)={fi+fo: fi e Hii=1,2}
and for f € H(K), we have

112 = min{||f1F+ 1 foll3: f = fi + fo, fi € Hiyi = 1,2}

Proof. Consider the orthogonal direct sum of the two Hilbert spaces, H; &
Ho = {(f1, f2) : fi € i} with inner product ((f1, ), (91, 2)) = (f1, g1)1 +
(f2,g2)2, where (-, -); denotes the inner product in the Hilbert space, H;,i =
1,2. Note that with this inner product [[(f1, f2)l3,am, = /117 + [1/2113.
Since H;,i = 1,2 are both subspaces of the vector space of all functions on
X, the intersection, Fy = HiNHo, is a well-defined vector space of functions
on X. Let N = {(f,=f): f€Fy} CH ®H.

Note that N is a closed subspace, since if ||(fn, —fn) — (f, 9)|lHy @1, — 0,
then ||f, — flli — 0 and || — fn, — gll2 — 0, and hence, at each point,
flz) = —g(=).

Therefore, decomposing Hi ® Ho = N + N1, we see that every pair,
(f1, f2) = (f, = f) + (h1, he) with f € Fy and (hy,he) L N.

Let H denote the vector space of functions of the form {f; + fo : f; €
Hi,i =1,2} and define I' : Hy @ Ho — H by T'((f1, f2)) = f1 + fo.

The map T is a linear surjection with kernel, A" and hence, I : N+ — H is
a vector space isomorphism. If we endow H with the norm that comes from
this identification, then H will be a Hilbert space. If we let P : H1 & Ho —
N+t denote the orthogonal projection, then for every f = g1 + g2 € H, we
will have that

1117 = [I1P((91, 92D I3, 0m, = mind{||(g1 + 9,92 — DF,am, : 9 € Fol
= min{||(f1. fo) |}, en, : f = f1 + fo, fi € Hiyi = 1,2}
=min{||fill} + || foll3: f = f1 + fo, fi € Hiyi = 1,2}

For any two functions, f = f1 + f2,9 = g1 + g2 in 'H we will have that
<f7 g>H = <P((f17f2))7p((g1792))>

It remains to see that H is a RKHS of functions on X with reproducing
kernel K. Let k,(x) = Ki(z,y), so that k, € H; is the kernel function.

Note that if (f,—f) € N, then ((f, —f),(k;,/ﬁ)) = (f, k;)l + (—f, k2>2 —
f(y) = f(y) =0, so that (k;,kﬁ) € N, for every y € X. Thus, for any
f =i+ f2 €M, we have that (f,k, + ky)n = (P((f1, f2)), P((ky, ky)))

= (P((f1, 2)), (ky, k3)) = (fr Ry + (fo, B5)2 = fi(y) + fa(y) = [ (y)-
Thus, H is a RKHS with reproducing kernel, K (z,y) = k:;(x) + k;(x) =
Ki(x,y) + Ka(z,y), and the proof is complete. O
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Corollary 5.8. Let H;,i = 1,2 be RKHS’s on X with reproducing kernels,
K;,i = 1,2, respectively. If HiNHa = (0), then H(K1+K2) = {fi+fa: fi €
Hi} with || f1 + f2l1? = |1f1l? + || f2]13 s a reproducing kernel Hilbert space
with kernel, K(z,y) = Ki(x,y) + Kao(z,y) and H;,i = 1,2 are orthogonal
subspaces of H.

Problem 5.9. Let HZ(D) = {f € H*D) : f(0) = 0}. Show that H3(D)*
is the set of constant functions. Use this fact to compute the reproducing
kernel for HZ(D).

Problem 5.10. Let H be a RKHS on X with reproducing kernel, K, fix
xo € X and let Ho ={f € H : f(xo) = 0}. Compute the kernel function for
Ho.

Problem 5.11. Let o € D and let po(z) = Z=% denote the elementary

1—az

Mobius transform. Prove that the reproducing kernel for {f € H*(D) :

fla) =0} is K(z,w) = $a(z)pa(w)

1-wz

Finite Dimensional RKHS’s

We illustrate some applications of Aronzajn’s theorem by examining finite
dimensional RKHS’s.

Let ‘H be a finite dimensional RKHS on X with reproducing kernel, K.
If we choose an orthonormal basis for H, fi,..., fn, then by Theorem 77,
K(z,y) = Y1 fi(x) fi(y) and necessarily these functions will be linearly
independent.

Conversely, let f; : X — C,7 = 1,...,n be linearly independent functions
and set K(z,y) = >, fi(z) fi(y). We shall use the above theorem to de-
scribe the space, H(K). If we let K;(z,y) = fi(x)fi(y), and set L;(x,y) =
>z 1i(®) fj(y), then by Proposition 3.19, H(kK;) = span{fi} and || f;l|; = 1,
where the norm is taken in H(K;). Now, since K (x,y) = K;(z,y) + L;i(z,Y)
and these functions are linearly independent, H(K;) N H(L;) = (0), and
by Corollary 5.8, these will be orthogonal subspaces of H(K). Thus, these
functions are an orthonormal basis for H(K).

By contrast, consider the kernel, K(z,y) = fi(z)fi(y) + fo(z)f2(y) +
(fi(z) + fa(z))(fi(y) + f2(y)), where fi; and fy are linearly independent.
By Papadakis’ theorem, these functions will be a Parseval frame for H(K)
and, hence, H(K) will be the 2-dimensional space spanned by, fi and fa.
But since the three functions are not linearly independent, they can not be
an orthonormal basis. We now use Aronszajn’s theorem to figure out the
precise relationship between these functions.

Set Li(z,y) = fi(z)fi(y) + f2(z) f2(y) and let

Lo(z,y) = (fi(z)+ f2(2))(f1(y) + f2(y)). By the above reasoning, fi, fo will
be an orthonormal basis for H(L;) and H(Lz2) will be the span of the unit

vector f1 + fo. Thus, by Aronszajn’s theorem, Hle%(K) =
min{|[rfi + sfollzy .,y + 1t + P Fyr,)  r=rfi +sfatt(fi+f2)} =
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min{|r2+[s]? + [t : 1= r+4,0 = s +t} = 2/3. Similarly, || fa[|3,,c, = 2/3
and from this it follows that || f1 + f2”$_l(K) =2/3.

Problem 5.12. Determine, (f1, fo)n k) for the last example. Find an or-
thonormal basis for this space.

Pull-Backs, Restrictions and Composition Operators

Let X be a set, let S C X be a subset and let K : X x X — C be positive
definite. Then the restriction of K to S x S is also positive definite. Thus,
we can use K to form a RKHS of functions on X or on the subset, S and it
is natural to ask about the relationship between these two RKHS’s.

More generally, if S is any set and ¢ : S — X is a function, then we let,
Koy :SxS — C, denote the function given by, K op(s,t) = K(¢(s), ¢(t)).
When ¢ is one-to-one it is easily seen that K o ¢ is positive definite on S.
We will show below that this is true for a genreal function ¢. Thus, it is
natural to ask about the relationship between the RKHS H(K) of functions
on X and the RKHS H(K o ¢) of functions on S. When S is a subset of
X, then the case discussed in the first paragraph is the special case of this
latter construction where we take ¢ to be the inclusion of S into X.

Proposition 5.13. Let ¢ : S — X and let K be a kernel function on X.
Then K o ¢ is a kernel function on S.

Proof. Fix s1,..., s, € S, scalars, o, ..., oy and let {z1, ..., zp} = {@(s1), ..., p(sn) }
so that p <n. Set Ay = {i: ¢(s;) = zx} and let By = > ;4 ;. Then

Do i K (p(si),0(s) = D0 D0 D dieyK (w,m) = 3 Bk (a, w1) > 0.

k,l i€Ag JEA; k,l

Hence, K o ¢ is a kernel function on S. (]

Theorem 5.14. Let X and S be sets, let K : X x X — C be positive definite
and let ¢ : S — X be a function. Then H(K o) ={fop: f e H(K)},
and for u € H(K o @) we have that ||ully(kopy = f{Ifllx) :u=foe}
Proof. Let f € H(K), with | f|lyx) = ¢, then f(x)f(y) < AK(z,y) in
the positive definite order. Since this is an inequality of matrices over all
finite sets, we see that f o ¢(s)fo(t) < 2K(¢(s),p(t)). Hence, by ??,
fopeH(K o) with |[f o ¢llp(kop) < c.

This calculation shows that there exists a contractive, linear map, C, :
H(K) — H(K o) given by Cy,(f) = foe.

Set hy(-) = K(¢(+),¢(t)), so that these are the kernel functions for H(K o
¢). Note that for any finite set of points and scalars, if uw = ), a;hy,, then
lull(xop) = I 205 @ik Ik ) It follows that there is a well-defined isom-
etry, I' : H(K o ) — H(K), satisfying, T'(h¢) = k).

We have that C, oI is the identity on H (K o) and the result follows. [




26 V. I. PAULSEN

Definition 5.15. Given sets, X and S, a function ¢ : S — X, and a positive
definite function, K : X x X — C, we call H(K o) the pull-back of H(K)
along ¢ and we call the linear map, C, : H(K) — H(K o) the pull-back
map.

Note that (I'(hs), ky)n(x) = ke () = K(y, (1)) = K(p(t),y) = ky(e(t))
Cyp(ky)(t) = (ht,; Cp(ky)) H(Kop)- Since the linear spans of such functions are
dense in both Hilbert spaces, this calculation shows that C, = I'*. Since I'
is an isometry its range is a closed subspace and it follows that I'" = C,
is an isometry on the range of I' and is 0 on the orthocomplement of the
range. Such a map is called a coisometry.

Thus, in the case that S C X and ¢ is just the inclusion map, so that
Kop=K ‘Y, we see that C, is the coisometry that identifies the closure of
the subspace of H(K') spanned by {k, : y € Y’} which are functions on X,
with the same set of functions regarded as functions on Y.

The theory of composition operators is a special case of the pull-back
construction.

Given sets X;,7 = 1,2 and kernel functions K; : X; x X; — C,i = 1,2,
we wish to identify those functions, ¢ : X; — X5 such that there is a
well-defined, bounded map, Cy, : H(K2) — H(K1) given by Cy(f) = foe.

Theorem 5.16. Let X;,i = 1,2 be sets, ¢ : X1 — X9 a function and K; :
X; x X; — C,i=1,2 kernel functions. Then the following are equivalent:
(1) {fow: feH(Ky)} CH(EKL),
(2) Cp - H(K2) — H(K1) is a bounded, linear operator,
(3) there exists a constant, ¢ > 0, such that Ky o0 ¢ < ?Kj.

Moreover, in this case, ||Cy|| is the least such constant c.

Proof. Clearly, (2) implies (1). To see that (3) implies (2), let f € H(K2),

with ||f|| = M. Then f(x)f(y) < M?Ks(z,y), which implies that,

Flo(@)) f(y)) < MPKa(o(x), 0(y) < MPKq(2,y).

Thus, it follows that Cy5) = fop € H(K1) with [|Cp(f)[l1 < ¢l f]]2. Hence,
C, is bounded and ||C, | < c.

Finally, by the previous theorem, (1), is equivalent to the statement that
H(K2 0 ¢) C H(K1), which is equivalent to the kernel inequality, (3), by
Aronszajn’s Theorem 5.1.

The statement in Aronszajn’s Theorem regarding the norms of inclusion
maps proves the last statement. O

Problem 5.17. Let X = D and let K be the Szego kernel. Describe the
spaces, H(K o p) for o(z) = z* and for p(z) = £=2,a € D a simple Mobius
map.

Problem 5.18. Let R = {x + iy : > 0} denote the right-half plane, and

let ¢ : R — D be defined by p(z) = 2:& Compute the pull-back of the Szego
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kernel. Show that h € o*(H?*(D)) if and only if the function f(z) = h(3£2)
is in H?(D).

An Application to the Theory of Group Representations

The theory of composition operators is an important tool in the study of
unitary representations of groups and gives a very quick proof of a result
known as Naimark’s dilation theorem. Given a group G with identity e,
a Hilbert space H. We call a homomorphism, 7 : G — B(H), such that
m(e) = Iy and (g~ !) = w(g)*, i.e., such that m(g) is unitary, for all g € G,
a unitary representation of G on H. A unitary representation is said
to be cyeclic, if there exists, vg € H, such that the linear span of 7(G)vy =
{m(g)vo : g € G} is dense in H.

Definition 5.19. Let G be a group and let p : G — C be a function. Then
p is called a positive definite function on G provided that for every n
and every gi, ..., gn € G, the matriz (p(gi_lgj)) is positive semidefinite.

Note that saying that p is positive definite is the same as requiring that
K, : G x G — C defined by K,(g,h) = p(g~'h) is a kernel function. Thus,
to every positive definite function on G there is associated a RKHS, H(K).
Note that in this space, the kernel function for evaluation at the identity
element is ke(g) = p(g~1).

Now fix, g € G and consider the function, ¢ : G — G defined by ¢(h) =
g~ 'h. We have that Kop(g1,92) = K(97'91,97 " 92) = p((97'91) (97 92)) =
K (g1,92). Thus, by the above Theorem there is a well-defined contractive lin-
ear map, U, : H(K,) — H(K,) with (U, f)(h) = f(g~1h) for any f € H(K}).
Now (Uy, © Upy)())(h) = (Ups £) (g7 ') = (g3 97 h) = (Uy,go £)(h), and s0
the map 7 : G — B(H(K})), is a homomorphism. Since Uy-10U, = Iy k),
and both of these maps are contractions, it follows that they must both be
invertible isometries and hence, unitaries.

Thus, to every positive definite function on p on G, we have associated
a unitary representation, 7 : G — B(H(K})), by setting 7(g) = U,. This
construction gives an immediate proof of a theorem of Naimark.

Theorem 5.20 (Naimark’s Dilation theorem). Let G be a group and let
p: G — C be a positive definite function. Then there exists a Hilbert space
H, a unitary representation ™ : G — B(H), and a vector v € H, such that
p(g) = (mw(g)v,v). Moreover, any function of this form is positive definite.

Proof. Let H = H(K)), let m(g) = U, and let v = k.. We have that

(m(9)ke, ke) = (m(g)ke)(e) = ke(g™") = p(g)-
Finally, if f(g) = (m(g)v,v), and we pick {g1,...,9n} C G and scalars
at, ..., an € C, then we have that

> @a;f(g; " g) = (w,w)
ig=1

where w = Z;”:l a;m(gj)v and so p is a positive definite function. ]
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Given a positive definite function p on a group, the representation that
we get by considering composition operators on H(kK)) is also cyclic, with
cycic vector ke. To see this note that (Ugke)(h) = ke(g71h) = K(g 1 h,e) =
p(htg) = K(h,g) = ky(h). Thus, U k. = k,, and hence, the span of 7(G)k,
is equal to the span of {k, : ¢ € G} which is always dense in the RKHS.

Conversely, assume that we have a unitary representation 7 of G on
some Hilbert space H, which has a cyclic vector vy and we define p(g) =
{(v(g)vo,v0). By Naimark’s theorem, we know that p is positive definite.

Now consider the Hilbert space, H(K),) and unitary representation m of
G. We claim that there is a Hilbert space isomorphism, W : H(K,) — H,
such that Wk, = vy and Wr(g) = v(g)W, for all g € G.

To define W we set, Wky = v(g)vo, and extend linearly. Note that

1D kg |? =Y aidiikg,(95) = Y aicjply; ' g:)
i 1, 1,J
=Y a@j(y(g;  gi)vo,vo) = || D cirv(gi)vol*
i?j 2

1

This equality shows that W is well-defined and an isometry. Thus, W can
be extended by continuity to an isometry from all of H(kK) onto H. Finally,

Wﬂ-(g)kgl = Wﬂ-(g)ﬂ—(gl)ke = Wﬂ-(ggl)ke =
Whkgg, = v(991)v0 = v(9)7(g91)vo = v(9)Wky,

and since these vectors span the space, Wm(g) = v(g)W.

Thus, the representation ~ is unitarily equivalent to the representation ,
via a map that carries the cyclic vector vy to the vector k.

These calculations show that if one requires the vector v appearing in
the dilation of a positive definite function in Naimark’s dilation theorem,
then up to a unitary equivalence, we are in the situation where H = H(K)),
7(g) = Uy and v = ke.

Problem 5.21. Prove that the function p(x) = cos(x) is a positive definite
function on the group (R,+). Show that H(K)), is two-dimensional and
explicitly describe the unitary representation of R on this space.

Problem 5.22. Let p(z) = Y ) _qarz”, with ax > 0,k = 0,...,n. Show that
p is a positive definite function on the circle group, (T,-) and that H(K)) is
n + 1-dimensional. Explicitly describe the unitary representation.

1
Problem 5.23. Let p(n) = 0 " ez;;n‘ Prove that p is a positive definite
n o

function on (Z,+), find H(K,) and the corresponding unitary representa-
tion.

Products of Kernels and Tensor Products of Spaces
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Recall that if H;,7 = 1,2 are Hilbert spaces, then we can form their tensor
product, H; ® Ha, which is a new Hilbert space. If (-,-);,7 = 1,2, denotes
the respective inner products on the spaces, then to form this new space,
we first endow the algebraic tensor product with the inner product obtained
by setting, (f ® g,h ® k) = (f,h)1(g, k)2 and extending linearly and then
completing the algebraic tensor product in the induced norm. One of the key
facts about this completed tensor product is that it contains the algebraic
tensor product faithfully, that is, the inner product satisfies, (u,u) > 0, for
any u # 0 in the algebraic tensor product.

Now if H and F are RKHS’s on sets X and S, respectively, then it is
natural to want to identify an element of the algebraic tensor product, u =
Yoo hi @ fi with the function, u(z,s) = > 1 hi(z)fi(s). The following
theorem shows that not only is this identification well-defined, but that it
also extends to the completed tensor product.

Theorem 5.24. Let H and F be RKHS’s on sets X and S, with reproducing
kernels, K1(x,y) and Ks(s,t). Then K((z,s),(y,t)) = K1(x,y)Ka(s,t) is a
kernel function on X x S and the map u — U extends to a well-defined,
linear isometry from H® F onto the reproducing kernel Hilbert space H(K).

Proof. Set k:;(:v) = Ky (z,y) and kZ(s) = Ka(s,t). Note that if u = > | h;®
Ji, then <U, k; ® kt2>7'l®.7: = Z?:1<h’i7 k;{>7‘f<fla k1%>.7: = ﬂ(y) t)

Thus, we may extend the mapping u — 4 from the algebraic tensor
product to the completed tensor product as follows. Given u € 'H ® F,
define a function on X x S by setting u(y,t) = (u, k; ® k) ner-

It is readily seen that the set £L = {G : u € H ® F} is a vector space
of functions on X x S. Moreover, the map u — @ will be one-to-one unless
there exists a non-zero u € H® F such that u(y,t) = 0 for all (y,t) € X x S.
But this latter condition would imply that u is orthogonal to the span of
{kj @k : (y,t) € X x S}. But since the span of {k; : y € X} is dense in H
and the span of {k? : t € S} is dense in F, it readily follows that the span
of {k; ®k? : (y,t) € X x S} is dense in H ® F. Hence, if & = 0, then u is
orthogonal to a dense subset and so v = 0.

Thus, we have that the map u — @ is one-to-one from H ® F onto £ and
we may use this identification to give £ the structure of a Hilbert space.
That is, for u,v € H® F, we set (4, 0)z = (u, V) nzF- -

Finally, since for any (y,t) € X x S, we have that a(y,t) = (i, k} ® k2),
we see that £ is a reproducing kernel Hilbert space with kernel

— -

K((.%',S), (y7t)) = <k; ® kt27k:1: ® k3>£

and so K is a kernel function.

By the uniqueness of kernels, we have that £ = H(K) as sets of functions
and as Hilbert spaces. Thus, the map u — 4 is an isometric linear map from
H ® F onto H(K). O
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Corollary 5.25. If X and S are sets and K1 : X x X — C and K> :
S x S — C are kernel functions, then K : (X x S) x (X x S) — C given by
K((z,s),(y,t)) = K1(z,y)Ka(s,t) is positive definite.

Definition 5.26. We call the 4 variable function K ((x, s), (y,t)) = Ki(xz,y)Ka(s,t)
the tensor product of the kernels K1 and Ks.

A slightly more subtle corollary is given by the following.

Corollary 5.27. Let X be a set and let K; : X x X — C,i = 1,2 be
kernel functions, then their product, P : X x X — C given by P(x,y) =
Ki(x,y)Kao(x,y) is a kernel function.

Proof. Given any points, {z1,...,z,}, set w; = (z;,z;), and then we have
that the n x n matrix, (P(x;,z;)) = (K(w;, w;)) > 0. O

Definition 5.28. We call the 2 variable kernel, P(x,y) = Ki(z,y)Ka(x,y)
the product of the kernels.

Given K; : X x X — C,i = 1,2 we have two kernels and two RKHS’s.
The first is the tensor product, K : (X x X) x (X x X) — C which gives a
RKHS of functions on X x X. The second is the product, P: X x X — C
which gives a RKHS of functions on X. The relationship between these two
spaces can be seen by using the results of the last subsection.

Let A : X — X x X denote the diagonal map, defined by A(x) = (z, z).
Then P(z,y) = K(A(z), A(y)), that is, P = K o A. Thus, H(P) is the pull-
back of H(K) = H(K1) ® H(K32) along the diagonal map.

The last corollary can be used to prove a familiar fact from matrix theory.

Definition 5.29. Let A = (a;j) and B = (b; ;) be two nxn matrices. Then
their Schur product is the n X n matriz,

AxB= (ambi,j).

Corollary 5.30 (Schur). Let P = (p; ;) and Q = (¢;) be n X n matrices.
If P>0 and Q > 0, then PxQ > 0.

Proof. Consider the n point set, X = {1,...,n}. If we regard the matrices
P and @ as functions on X x X, then they are kernel functions. Apply the
last corollary. O

Conversely, if one knows the Schur product result, then one can deduce
directly that products of kernel functions are kernel functions. The following
problem shows how to give a matrix theoretic proof of Schur’s result.

Problem 5.31. (i) Prove that an n x n matriz is rank 1 if and only if
it is of the form, (c;B3;) for some choice of scalars.
(ii) Prove that an m X n rank 1 matriz is positive if and only if it is of
the form (a;a;), for some choice of scalars.
(iii) Prove that every positive n x n rank k matriz can be written as a
sum of k positive rank 1 matrices.
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(iv) Prove that the Schur product is distributive over sums, i.e., (A+ B)*
(C+D)=A«xC+B+«xC+AxD+ BxD.
(v) Deduce Schur’s result.

Problem 5.32. Prove that the Bergman space, B%(D) is the pull-back of
H?(D) ® H*(D) along the diagonal.

Push-Outs of RKHS’s

Given a RKHS H(K) on X and a function ¢ : X — S we would also like
to induce a RKHS on S. To carry out this construction, we first consider
the subspace, H = {f € H(K) : f(z1) = f(x2)whenevery(z1) = ¢(x2)}.
If K (z,y) denotes the reproducing kernel for this subspace and we set,
ky(z) = K(z,y), then it readily follows that, whenever 1 (z1) = v(x2)
and ¢ (y1) = ¥(y2), we have that, ky(z1) = k,(z2) and ky,, = k,,. Thus,
for any such pair of points, K(x1,71) = K(z2,y2). It follows that there
is a well-defined positive definite function on Ky : S x § — C given by
Ky(s,1) = K6 (s), 071 (1),

We call the RKHS, H(Ky) on S, the push-out of H(K) along 1.

As an example, we consider the Bergman space on the disk, B?(ID). This
space has a reproducing kernel given by the formula,

K(z,w) = (1_1102)2 = ;}(n + 1)(wz)".

If we let ¢ : D — D, be defined by v¥(z) = 22, then we can pull B%(D) back
along ¢ and we can push B?(D) forward along ). We compute the kernels
in each of these cases.

The kernel for the pull-back is simply,

Koy(z,w) = (1_;222)2 - ;(" +1)(wz)*",

For the push-out, we first compute, H. Note that ¢(z1) = ¥(z2) if and
only if zp = +2z,. Thus, H = {f € B2(D) : f(z) = f(—z)}, i.e., the subspace
of even functions. This subspace is spanned by the even powers of z, and
consequently, it has kernel,

[e.e]
K(z,w)=> (2n+1)(wz)™".
n=0

Since, ¥ ~1(2) = £,/z, we see that the push-out of B?(D), is the new
RKHS of functions on the disk with reproducing kernel,

[e.e]
Ky(z,w) = K(£vz,£/w) = Y _(2n+ 1)(wz)".

n=0



32 V. I. PAULSEN

Thus, the pull-back and the push-out of B2(ID) are both spaces of analytic
functions on D spanned by powers of z and these powers are orthogonal
functions with different norms. The push-out is a weighted Hardy space,
but the pull-back is not a weighted Hardy space. If we generalized the
definition of a weighted Hardy space, by allowing some of the weights to be
0, then the pull-back is a generalized weighted Hardy space.

Problem 5.33. Let ¢ : D — D, be defined by ¢(2) = 2%, as above, and
compute the pull-back and push-out of H*(D) along ).

6. MULTIPLIERS OF REPRODUCING KERNEL HILBERT SPACES

In this section we develop the theory of functions that multiply a repro-
ducing kernel Hilbert space back into itself.

Definition 6.1. Let H be a RKHS on X with kernel function, K. A function
f:X — C is called a multiplier of H provided that fH = {fh:h e H} C
H. We let M(H) or M(K) denote the set of multipliers of H.

More generally, if H;,i = 1,2 are RKHS’s on X with reproducing ker-
nels, K;,©i = 1,2, then a function, f : X — C, such that fH, C Ho, is
called a multiplier of H; into Hs and we let M(H1, Hsa) denote the set of
multipliers of Hy into Ha, so that M(H, H) = M(H).

Given a multiplier, f € M(H1,Ha), we let My : Hi — Ha, denote the
linear map, M¢(h) = fh.

Clearly, the set of multipliers, M(H1, Hz) is a vector space and the set of
multipliers, M(H), is an algebra.

Proposition 6.2. Let H be a RKHS on X with kernel K and let f: X —
C be a function, let Hy = {h € H : fh = 0} and let Hy = Hg. Set
Hy = fH = fHi and define an inner product on Hy by (fhi, fhe)y =
(h1,hg) for hi,hy € Hi. Then Hy is a RKHS on X with kernel, Ky(x,y) =

f@)K(z,y)f(y)-

Proof. By definition, H is a vector space of functions on X and the linear
map, h — fh is a surjective, linear isometry from H; onto Hy. Thus, H; is
a Hilbert space.

Decomposing, k, = k‘g + k;, with k‘; € H;, we have that K;(z,y) =
k;(x),z = 1,2, are the kernels for H;,i =1, 2.

To see that H; is a RKHS, note that for any fixed y € X and h €

M, f(h(y) = f(y)lh ky) = F@){fh, fhy) s = (fh, f(y)fhy) s, which shows

that evaluation at y is a bounded linear functional in || - ||, and that
Ky(z,y) = f(y)f(x)k;(x) However, fkg = 0, and hence, f(z)Ko(z,y)f(y) =
0, from which the result follows. O

We are now in a position to characterize multipliers.

Theorem 6.3. Let H;,i = 1,2 be a RKHS’s on X with kernels, K;,i = 1,2
and let f: X — C. The following are equivalent:
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(i) f € M(H1, Ha),
(i) f e M(Hi,Hz), and My is a bounded operator, i.e., My € B(H1,Ha),

(iii) there exists a constant, ¢ > 0, such that f(z)K1(z,y)f(y) < 2 Ka(z,y).

Moreover, in these cases, ||Myl|| is the least constant, c satisfying the in-
equality in (iii).

Proof. Clearly, (ii) implies (i).
(i) = (i4i). By the above Proposition, H; = fH; with the norm and inner

product defined as above is a RKHS with kernel, K¢(x,y) = f(z)Ki(x,y) f(y).
But since, Hy C Ha, by [?], there exists a constant ¢ > 0, such that,

f@)Ki(z,y) f(y) = Kp(2,y) < EKa(z,y).
(#7i) = (i4). Since the kernel of the space, H; = fH1, Kf(z,y) = f(2)K1(z,y)f(y) <
> Ky(x,y), by [?], we have that fH; C Ha. Now decompose, H1 = Hio @
Hi,1, where fHi o = (0), and given any h € Hy, write h = ho+ hy with h; €
Hig, i =0,1. Then || fhlln, = [|fR1lln, < cllfhallr, = cllhallm,, < cllhll,-
Thus, My is bounded and || M¢|| < c.
Finally, if |M|| = C, then for any h1 € Hig, || fhilln, < Cllhi|ln, =
C||fh1ll#,. Thus, applying [?] again, we have that f(z)Ki(v,y)f(y) =
K¢(x,y) < C?Ks(z,y) and the result follows. O

Corollary 6.4. Let H;,i = 1,2 be RKHS’s on X with reproducing ker-
nels, K;(x,y) = k‘;(x),z = 1,2. If f € M(H1,H2), then for every y €
X, M (k) = f(y)ky-

Thus, when, K1 = Ko, every kernel function is an eigenvector of M}‘
Moreover, we have that

1flloe < [[MF,
so that every multiplier is a bounded function on X.

Proof. For any h € H;, we have that
<h7mk;>1 = f(y)h(y) = <Mf(h)7k§>2 = <h7M;(k§)>7

and hence, f(y)k; = M}‘(k:g)

Now, if K1 = Ky = K, then M}‘(k:y) = f(y)ky, and hence, |f(y)| <
[MF7|| = [[Mf||, and the last inequality follows. O

These problems outline an alternate proof of the above theorem, by show-
ing instead that (i) = (ii) = (iii) = ().

Problem 6.5. Use the closed graph theorem, to give a direct proof that (i)
implies (ii).
Problem 6.6. Note that My is bounded if and only if M3 is bounded,

[My]| = [[M}| and that, in this case, M}“(kg) = f(y)k; Let |M7[| = «,
and for any points, x1,...,x, € X and any choice of scalars, aq, ..., ay,, com-
pute || >, k3 ||? and use it to show that f(x)Ki(x,y)f(y) < Ka(z,y).
Thus, proving that (ii) implies (iii).
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Finally, note that in the above proof that (iii) implies (ii), we first proved
that (iii) implies (i).
By the above results, we see that f € M(H), then for any point y € X,
such that ||ky|| # 0, we can recover the values of f by the formula,
(ky, M;(ky)> (M (ky), ky)

K(y,y) Ky

This motivates the following definition.

Definition 6.7. Let H be a RKHS on X with kernel K(x,y), and let T €
B(H). Then the function
(T(ky), ky)

Br(y) = Ky

defined at any point where K(y,y) # 0, is called the Berezin transform
of T.

We present one application of the Berezin transform concept.

For every Hilbert space, H, there is a topology on B(H) called the weak
operator topology. This topology is characterized by the fact that a net
{T\} € B(H) converges to an operator T € B(H) if and only if for every pair
of vectors, h, k € H,limy\(T\(h), k) = (T'(h), k). Note that if {T)} converges
in the weak topology to T', then {7} converges in the weak topology to T™.

Corollary 6.8. Let H be a RKHS on X. Then {My : f € M(H)} is a
unital subalgebra of B(H) that is closed in the weak operator topology.

Proof. 1t is easy to see that the identity operator is the multiplier corre-
sponding to the constant function, 1, and that products and linear combi-
nations of multipliers are multipliers. Thus, this set is a unital subalgebra
of B(H).

To see that it is closed in the weak operator topology, we must show that
the limit of a net of multipliers is again a multiplier. Let {My, } be a net
of multipliers that converges in the weak operator topology to 7. Then for
every point y where it is defined, limy f\(y) = Br(y).

Set f(y) = Br(y), whenever k, # 0, and f(y) = 0, when k, = 0. We
claim that 7" = My. To see note that (h,T*(ky)) = limy(h, M} (ky)) =
(h, M} (ky)), and the result follows. O

Problem 6.9. Show that By = Br.
Problem 6.10. Show that if f € M(H), then By = |fI2.

Problem 6.11. Let f(z) = ag + a1z, show that f € M(H?*(D)) and that
f € M(B*(D)). Compute Barwy for both these spaces. Deduce that in

general, BM;Mf % BMfM;.
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Definition 6.12. Let G C C be an open connected set, then H>®(G) denotes
the functions that are analytic on G and satisfy,

[ flloo = sup{|f(2)] : z € G} < +oc.

It is not hard to see that H°°(G) is an algebra of functions on G that
is norm complete and satisfies, ||fgllcc < || f]looll9lloo, that is, H>®(G) is a
Banach algebra.

Theorem 6.13. Let G C C be a bounded, open set, then M(B%*(G)) =
H>®(G), and for f € M(B*(G)), | M| = || floo-

Proof. Since the constant function, 1 € B%(G), we have that if f € M(B?(G)),
then f = f-1 € B%(G). Thus, M(B%(G)) C B*(G), and so every function
in M(B?%(G)) is analytic on G.

Moreover, by the above Corollary, || f|ls < [|M]|, and hence, M(B%(G)) C
H>(G).

Conversely, if f € H*(G) and h € B*(G), then

500y = | [ 11+ )b + i)Pdody
W7 [ [ o+ i) Py = 11 Dbl

Thus, f € M(B*(Q)) with || M{| < ||f|lc and the result follows. O

Problem 6.14. Let G C C be an open set and assume that there are
enough functions in B?(G) to separate points on G. Prove that M(B?*(G)) =
H*>(G), and that || fllco = [[Mf]]-

We now turn our attention to determining the multipliers of H?(D). For
this we will need the identification of the Hardy space of the disk with the
Hardy space of the unit circle. Recall that if we endow the unit circle in the
complex plane, T, with normalized arc length measure, then

1 2m )
[rds =5 [ renar
T 21 Jo
and that with respect to this measure, the functions, e, (et) = ™ n € Z,
form an orthonormal basis for L?(T). Given any function in f € LP(T),1 <
p < 400, we can define its Fourier coefficients by the formula,
1 2

fo = 5= [ ptetye
The maps, b, : LP(T) — C defined by ,(f) = f(n), are bounded linear
functionals, and hence, the set

N

HP(T)={f € LP(T) : f(n) =0,for all n <0},

is a norm closed subspace for 1 < p < +oo which is also weak*-closed in
the case when 1 < p < 4o00. These spaces are called the Hardy spaces of
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the circle. Note that H?(T) is the Hilbert space with orthonormal basis,
en,n > 0.
If f € HP(T), then its Cauchy transform defined by the formula,

5 27 eit
f(2) ! /0 L).dt

o 1—ze

is easily seen to be an analytic function on the disk. By comparing orthonor-
mal bases, we can see that the Cauchy transform defines a Hilbert space
isomorphism, i.e., an onto isometry, between H?(T) and the space H?(D).
It is somewhat more difficult to show, but the Cauchy transform also de-
fines an isometry from H*°(T) onto H*>°(D). See [?] for a proof of this fact.
For these reasons the set of functions obtained as the Cauchy transforms of
HP(T) are denoted, HP(D) and referred to as the Hardy spaces of the unit
disk.

One other fact about the Hardy spaces that we shall need is that if for
f € HP(T) and 0 < r < 1, we define f,.(e*) = f(re'), then f, € HP(T),1 <
p < 400, with || fllp < [If|lp, and for 1 < p < 400, lim,_1||f — fr|l, = 0. In
the case p = 400, the functions, f,., converge to f in the weak*-topology,
but not necessarily the norm topology. In fact, they converge in the norm
topology to f if and only if f is equal almost everywhere to a continuous
function.

With these preliminaries out of the way we can now characterize the
multipliers of H?(DD).

Theorem 6.15. M(H?(D)) = H*(D), and for f € H*(D), | M| = || f]lso-

Proof. Let f € M(H?*(D)), then f = f-1 € H?(D) and hence, f is analytic
on D. Moreover, since, || f|locc < ||Mf]|, we see that f € H*(D).

Now let, f € H*(D), so that f = g, for some function, g € H>(T)
and || fllec = [|9]lco, where the first norm is the supremum over the disk
and the second is the essential supremum over the unit circle. Since g
is essentialy bounded, we see that M, : H*(T) — L?(T) is bounded and
| Myl < ||g|loo- By computing Fourier coefficients of ge,,, one sees that ge,, €
H?(T), for all n > 0, and hence that g- H?(T) C H?(T). Also, by comparing
Fourier coefficients, one sees that ge,(z) = f(z)z", and thus for any h €
H?(T), f(2)h(z) = gh(?) € H*D). Thus, f € M(H?*(D)) and || M;| =
Myl < ||glloc = || flloo, and the result follows. O

We now take a look at some special multipliers of H?(DD).

Definition 6.16. A function, h € L*°(T) is called an inner function if
|h(e®)| = 1, a.e. and an inner function that is in H*®(T) is called an an-
alytic inner function. More generally, g € H>*(D) is called an analytic
inner function if g is the Cauchy transform of an analytic inner function,
that is, if g = h for some inner function h € H>(T).

Let ai,...,a, € D, be distinct points, let . (z) = ==L, denote the

l—diz ?
corresponding Mobius maps and let myq, ..., m,, be integers with m; > 1,7 =
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1,...,n. Then the function,
n
B(z) = [[ e (=),
i=1

is called the Blaschke product corresponding to the points, a, ..., a;,, and
multiplicities, my,...,m,. ’

Since, [pq(e)| = |e~ fit(;eoi‘t = 1;%:;{”\ = 1, we see that every Mo-
bius map and more generally, every Blaschke product is an analytic inner
function.

Proposition 6.17. Let f € H*®(D) be an inner function, then My : H*(D) —

H%(D) is an isometry and the range of My is the RKHS with kernel, %

Proof. Let f = g, then for any h € H?(T), we have that,

1

1 2T ) ) 27 )
lghll® = — lg(e™)h(e™)Pdt = — |h(e™)[*dt = |||,
2 2
™ Jo ™ Jo

and so M, is an isometry. By Proposition ?7, the kernel function for the
range space is as given. [l

We now wish to concretely identify the subspace of H?(ID) that is the
range of a Blaschke product. We first need a preliminary result.

Given an integer, m > 1, we let f(™ denote the m — th derivative of a
function f.

Proposition 6.18. Let w € D and let m > 1, be an integer. Then z™(1 —
wz)""" ' € H*(D) and for f € H?*D),(f,z"(1 — wz)"™ 1) = fM(w).
Thus, the map, EY" H?(D) — C, defined by E,(Um)(f) = fM(w), is a
bounded linear functional.

Proof. We have that

m 77m7_6m 77_amoofn
(L= w2) = () (= B2) 7 = ()" Y (@)

n=0
= Z nn—1)---(n—(m—1)w"" ™",

which can be seen to be square-summable.

Given any f(z) = .00 a,2", we have that (f,z™(1 — wz)"™"1) =
S agn(n —1)---(n — (m — 1))w™™™ = fM™(w), and the result fol-
lows. O

Theorem 6.19. Let ai,...,a, € D, be distinct points, let m; > 1, be
integers, and let B(z) be the corresponding Blaschke product. Then

B(z)-H*(D) = {f € H*(D) : fW(ap) =0,1 <k <n,1<j<my},
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and consequently, the reproducing kernel for this subspace is
B(z)B(w)
1—wz
Proof. By the above result we know that the reproducing kernel for the
subspace B(z) - H?(D) is given by %}Z(Zw)'
set equality.

It is clear that B(z) - H%(D) is contained in the set on the right. Con-
versely, any function in the set on the right can be written as, f(z) =
(z —a1)™ - (2 — ay)™g(z), where g is analytic on D. Setting, h(z) =
(I—ayz)™ -+ (1—anpz)™g(z), we have that h is analytic on D and f(z) =
B(2)h(z) and it remains to show that h € H?(D).

But we know that there exists a function, f; € H?(T) such that for almost
all t,lim, . f(re?) = fi(e). Thus, setting hy(e®) = lim, 1 B(reit) f(re®) =
B(eit) f1(e'), defines a function a.e. on the circle, with |hy(e?)| = |f1(e?)], a.e.,
from which it follows that hy € L*(T).

However, lim,_; B(re®t)~! = B(et), and hence, lim, 1 h(re®) = hi(e'), a.e.,
from which it follows that h; € H?(D) and that h is the Cauchy transform
of hy. Thus, h € H?(D) and the theorem follows. O

Thus, it remains to prove the

Problem 6.20. Prove that for every w € D, and integer m > 1, the map
El(um) : B2(D) — C is bounded and that it is given by the inner product with
(%)m(l —wz)2.

7. NEGATIVE DEFINITE FUNCTIONS

Definition 7.1. The function v : X x X — C is called negative definite
provided Vx1,2a,...,T, € X, Yaq,a9,...,a, € C such that Z?:l aj = 0,
we have 377,y o) (wi, v5) < 0.

Proposition 7.2 (Berg, Christensen, Bessel). Let ¢ : X x X — C, fiz
xg € X. Then v is negative definite if and only if K(z,y) = ¥(z,x0) +
U(y,x0) — Y(x,y) — Y(xo, x0) is a kernel function.

Proof. (<) : Let °7_; a;j = 0, then we get

n n n
0< Z O_ziOéjK(l‘i,l‘j) = Z O_éiOéjT,Z)(%i,ﬂfo) + Z O_Ziajw(xja-rO)
ij=1

,j=1 4,j=1

n n n
— Z diozji/)(xi,a:j) — Z diaj¢($0,$0) =0+0-— Z diaﬂp(xi,:nj) —0.
ij=1 ij=1 ij=1
This implies szzl ajoj(x, x5) <0, therefore v is a negative function.
(=) Given a1, ag,...,a, € C, let ag = =31 aj, then 377 ja; = 0.
Therefore 377" o K (2, 25) = 0+ 0 — 370 diajp(wy, 25) + 0,
= [K(a;,, $j)]2j:0 >0= [K(Cﬁiﬂzj)]?,j:l > 0. ([
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Theorem 7.3 (Schoenberg, 1940). Let (X,d) be a metric space. Then IH
a Hilbert space and ¢ : X — H an isometry i.e. ||¢p(z) — ¢(y)|| = d(z,y) if
and only if d*(z,y) is negative definite.

Proof. (=) : Let > 7_; a;j = 0, then we have

S Giogd (w ) = Y diaglldle) — o) = S G (Bl —d(ey), dlai)—(x)))

W=l =1 ij=1
= > @iog{o(mi), o)) = Y Gio (@), d(x;)) — Y Gia{o(x;), o))
=t ij=1 ij=1
n n 2 n 2
+ 2 aia(0le): 9(i)) =011 3_aw(@)ll — 12 aséla)ll +0<0

(«=) : By previous proposition (BCB),
K([E, y) = d2(1’7 330) + dz(yv ‘TO) - d2($7 y) - dQ(xﬂv xO)
= K(CC, y) = d2(.’E7 330) + d2(y7 ‘TO) - d2($7 y)

is a kernel function. Look at H(K), let ¢(x) = ?kzw
Note that K(z,y) = K(y,z). Compute

19(2) ~ S = 5 (ks ko) = 5 { K (,2) =K (2, ) K (3,2 +K (y,0) }
= %{[d%a xo) + d*(z, o) — d*(x0, 20)] — 2[d(x, z0) + d*(y, x0) — d(, y)]
+[d2(y,w0)+d2(y,mo)—dz(y,y)]} =d*(z,y) = ¢(x) = \éﬁkx is an isometry.
U
Problem 7.4. Show ¢(z,y) = (sin(z — y))2 is negative definite on R.

Theorem 7.5 (Schoenberg). The function ¢ : X x X — C is negative
definite if and only if e~ is a kernel function ¥Vt > 0.

Proof. (<) : Note that K,(z,y) = e *@¥) is a kernel function V¢ > 0.
Then v (z,y) =1 — Ki(x,y) is negative definite function:
Let Y 7" ;o = 0, then

Z a0y (s, ) Z ;01— Z a0 Ky (x4, 25) Z a0 Ky (i, 25) <0

4,j=1 4,j=1 4,j=1 4,j=1

Now, v¢(x,y) being negative definite V¢ > 0 implies 2 ( :4) negative definite,
ie.
wlwy) o 1—e oy

7%im% t’ = %111% ; =(z,y) is negative definite (if it exists).
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(=) : If ¢ is negative definite, then t1) is negative definite

= e is a kernel. Therefore, assuming 1 negative definite, it’s enough to
show e~ ¥ is a kernel. Hence, let ¢ be negative definite, then (by BCB)

= K(z,y) = ¢¥(z,x0) + ¢ (y, x0) — Y(x,y) — ¥(x0, 20) is a kernel,

= K(z,y) = eX@Y) =1 + K(z,y) + w + -+ is a kernel too.

Next, we have .

R (z,y) = e(0@e0)+9lnm0)—d(y) —w(wo,w0))

— ew($71‘0) . ew(yvx()) . e_¢($7y) . e_w(x()vxo)

= elel(x,y) — 61/’(9007900) . e*d)(x,xo) . }?(3’;7 y) . e*’(ﬁ(y,zg)

= e V@Y = g - f(z)- K(x,y) - f(y), where f(z) = e ¥@0),
= e ¥ is a kernel function. O

Example: It can happen that a matrix A = (a;;) > 0, but (Ja;;|) is not
positive definite.

1 4z _ _ _
33 8§ 1,1 =z z,1 z | 2|2
1
A R I Vi sl 5 T & =
3 7 3 9 3(3 9)+3(9 3) 9+27+27 9
3 3 1
for z = /7e'.

Suppose A € M,(C), set X = {1,...,n}, define K : X x X — C by
K (i,7) = aij, then K is kernel, but |K| is not a kernel.

On the other hand, if K : X x X — C is a kernel, then K is kernel.
Because 3", aioy K (wi,25) = D00 duoy K (x5, 34) > 0,

= K(x,y) - K(z,y) = |K|*(z,y) is a kernel.

But, if we had a negative definite function ¢ : X x X — C, K (x,y) = e~ %@
kernel, look at Ka(z,y) = e 5" kernel = K(z,y) = (Kg(x,y))Q.

Then |K (z,y)| = |Kao(z,y)?| = |K2(x,y)|? = | K] is kernel.

Definition 7.6. Let K : X x X — C be a kernel. Then K is infinitely
divisible provided that Vn € N, 4K, : X x X — C kernel such that
(Kp)" =K.

Proposition 7.7. Let K : X x X — C be an infinitely divisible kernel, via
K!s. Then |Ky,| is a kernel, Yn € N, and |K| is a kernel, too.

Proof.
K = (Kyp)" = (KQn)Zn = |K| = |[Kn|" = ’K2n|2n = |Kp| = ‘KQnP
= |K,| is a kernel, Vn and |K| = |K,|" is a kernel, too.
Or |K| = |K3|* = |K]| is a kernel.
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Theorem 7.8. Let K : X x X — C be a kernel, K(xz,y) >0 Vz,y.

Then K is infinitely divisible <= (x,y) = —log(K(x,y)) is negative

definite.

Proof. (<) : Let ¢(z,y) = —log(K (x,y)) be negative definite. Then e~ ¥(@¥) =
¥(z,y)

K(x,y) is positive definite. Set K,(z,y) =e~ » = K is oo — divisible.
(=) : From previous proposition, we have

K(z,y) = Kn(z,y)" = [Kn(z,y)|".
We know |K,| are all kernel functions and |K| = |K,|". Then

P(z,y) = —log(K(x,y)) = —nlog(|Kya|(2,y))-

Let t = 1, (6_%1/)(1:"1/))” = K(z,y) = e~ = K(z,y)"/" = |K,| kernel

m (z,y)
function, .. e~ ¥(@Y) = (eJﬁ n )" = |Kn|™(z,y) is kernel.

= e WEY) >0, VYt >0 ( taking limits of rationals )
= 1(z,y) is negative definite. O

8. BLOCK OR OPERATOR MATRICES

Let H, K be any two Hilbert spaces, then H® K = { Z ) theH, ke IC}.
Apr A
Let A = €eB K
¢ A9 Az ] (HeK),

where A; € B(H), Ap € B(IC,H), A9y € B(H, ’C), Aoy € B(’C)
A h\ | A A h\ | Auih+ Ak
E ) | A A k) | Aanh+ Axk |°

Proposition 8.1. Let A € B(K,H). Then [|A|| <1 <~ [ Zi Iilc ] > 0.

Proof. (<) :
o= A=)
= (—A*Ak + k, k) = —(Ak, Ak) + (k, k) = —||AK||® + || k||

So, we get 0 < —|[Ak[|* + |[k[|* = [|AK|* < k| VEk = [lAl <1.
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o L p= e [

= (h,h) + (Ak, h) + (A", k) + (k. k) 2 [|h]|* + |[K]* — 2]| Ak | ]

= (k] = IEI)* + 2llnll (1] — [|AK]) > 0.
e e Y —

>0, A contractive

O
Example: Let 24 — | 7 7501 gogcr =1
xample: LM =1 ¢ne  cosf | =7 =2 ety | =1,
let B= | 950 SO 0. T 4sing| O L
sinf cosf 0

o(B) =cosf £sinf, ||B||=cosf+sinf >1, 0<6<
[fO<O<F, then |Bl=—f5+5=v2>1 0=7.

I3

Note that from a previous example, we have P = (p;;) > 0,
but (|pi;|) not positive, as it is demonstrated below:

1 0 cos —sinf 1 0 cos@ sinf
0 1 sinf cosf 0 1 sinf cos6
cosf sind 1 0 20, but cosf sinf 1 0

—sinf cos6 0 1 sinf cos6 0 1

9. RKHS AND CHOLESKY’S ALGORITHM

Lemma 9.1 (Cholesky). P = (pij)?,j=0 20 <= R=P- <W> =0

Poo
N\ th DooPo;j
Note: Look at (0,7)"" entry of R, we get ro; = poj — =0,
Poo
) 0o --- 0
7i0 = Pio0 — Poiboo. _ 0, then R looks as R = Y Povn
Poo

0
Cholesky algorithm is really used for factoring positive square matrices
P >0as P=U*U, where U is an upper triangular matrix. Here is how it
works:

3
7 > 0. If yes, factorize it.
12

N O N

1
Example: Deduce whether P = | 2
3
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Solution: Calculate

1 1 2 3 0 0 0 3 9 1
R:P_I 2 4 6 = 0 2 1 :>P—<1 3>
3 6 9 01 3
Then
~ -1/ 4 2 0 0
iep (2 2)= (0 0 )= ra0
Therefore
1 1 2 3 1 0 00 00 O
P = 1 2 4 6 + 5 0 4 2 +( 0 0 0
3 6 9 0 2 1 0 0 5/2
1 \lf 2 1
2 2 1
2 1 2 3 (1)(x/§ \/§>
[2)ore o (%
i.e.
1 0 0 1 2 3
2 = 0 0 %
P = V2 V2 V2 | =U"U
1 5 5
3 \@ 0 0 :

Recall: Let H be an RKHS and K its kernel, zp € X, M ={f € H :

— 0}, then Kpq = Koy — K o = K(z,y) — ~2oeolY)
f(zo) = 0}, then Ky H ML (z,y) K(zo.z0) > 0, since
ke ks
H=MaoM, M+ =span{ky,}, Ky = W
0o

Cholesky’s lemma’s proof: (=) :Let P = (p;;) > 0,and X = {0,1,...,n}.
Denote K(i,j) = pij, i.e. K is a kernel function.
K(,0)K(5,0)

Then Ka(i,j) = K(i,5) — K(0,0)

o PioPo; _
= (600 = )~ (P2 20, pio =
Poo
(<) : Assume R=P — PoiPoj >0
~ Pboo
=P=R+ <190ip()j > 0 as a sum of 2 positive matrices. O
Poo
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Z—

Recall bijective Moebius maps ¢, : D — D, a €D, ¢u(2)

Note that po(a) =0, @ o= pa '

AlSO, if f :D— Du auﬂ € Dv f(Zl) = )\ia Soa()\z) = M, SOB(ZZ) = Ci)
then h = g0 fop_g: D — D gives h((;) = pi.

1_)\25\ 1 — 0o (A)0a(A;
Lemma 9.2. <]> >0 = ( Pa(Ai)Pal ]))

T 1-az

0.

Y

1=z 1 — pp(zi)pp(z;)

>

Proof <1 = %(M)soa(kj)> b <1A—_a(;> (1%_;6;)

1-— ZiZ; 1-— ZiZ;

:( 1 (-leP)a-N}) 1 )

1—al\ 1—27;2]‘ 1—Ct/_\j
1 1— i) 1
=(1 = 2y . . v ). _
( |a|) (1—@)\Z‘> (1—ZZ'Z]') (1—@)\j)
D B >0 Bf*
1— XA
2(1—|a|2)-D-<)\i\]>-D*20.
1—Z¢Zj

Similarly, we get

1_)\z5\ 1 _ 1—A7,5\ _
) s () e
D N———

1 — wp(2i)ep(2;) ZiZj
>0

Theorem 9.3 (Pick’s theorem). Given z1,z9,...,2, € D such that
zi # 25 Yi#J, Ay A2, A €D, then 3f € HX(D), |[|f[lec < 1 such

that f(z) =X, 1<i<n < (1_)"%> > 0.

1— ZiZj
Proof. (=) : || fllec = [[M¢llm2p) < 1 = (1 - f(@@) K2 (z, w) is a ker-
1- f(Zz‘)f(Zj)> S

nel function. Thus, evaluating at z1, zo, ..., z,, we get ( 7 —
— ZiZj

' 1— \)j
(<) : Assume (1]> > 0. We will do by induction on n:
1— M

1— |z

—Ziij
Case for n = 1 : We have >0=|\| <1. Set f(2) = A1

Assume true for n.
Then, for given 29, 21,22,...,2, €D, Ag, A1, A2,..., A, €D
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1—&&)

L =22 J (n41)x(nt1)
apply lemma where o = Ao, B = 20, i = Pa(N), (G = ¢p(zi)) 0 <

1 < n.
Note that 19 = vx,(Xo), (o = ¥z (20). Then,

>0

— )

such that (

1 1
1 — (0L . 1 — s
0< (W) = : (/W;) . Use Cholesky:
1 —2zz, 1 —zz; nxn
1
:Og(l—mﬂj_l):(zﬂj—mﬂj) .
1— ZiZj 1- ZiZj nxn
e - (&) (»)
Conjugate by D = =0< [ — 2L
1 1 — 2z
Zn nxn
. 3h € H®(D) such that |[hlle <1and h(¢) = ¢ - =4,1<i<n

Let g(2) = z-h(z), g€ H®D), |glloc = IPlloc < 1.
Then g(¢;) = i, 1<i<n, g(¢)=9g(0)=0= po.

Let f =¢_a0go g,
then f(zi) = v—a(9(s(2i))) = -al(9(G)) = p-alm) =X, 0<i<n.

O

There are deeper results achieved from D. Marshall, who showed that given
21,22, .52n €D, A, A, .. A €D, Jaj,az,...,a, € Dand || <1
such that

f(Z) = CH‘)OG«;(Z)7
=1

which is called the Blaschke Product, || f|lc <1, f(z)=MX\,1<i<n.

Now, let’s consider 2-Point Pick’s theorem:

1— X,
Let 21522;)\1,)\2 S ]D), Elf(Zl) = )\’L = (]) Z O

1-— ZiZ;
— (1 —oxA)ea ()
1- Pz (Zi)(pzl (Zj)

1 1 2 1o (a2
Loy, )2 | 20 <= P21 (22)] \%(2 2|
l o @r 1= [ (22)]

>20<:>Oé:)\1, 0= z.

= Jon (W) < gz ()%
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Hence,

(31, 1(z1) = Aiyi = 1,2 with|[ fllee <1} =[x, (A2)] < lpz (22)]-
Definition 9.4. dy (21, 22) = |2, (21)] is called pseudo-hyperbolic metric.

Theorem 9.5 (A generalization of Schwartz’s Lemma by Pick). If f : D —
D, then dH(f(Zl)v f(ZQ)) < d'H(Zla 22)'

Analogues of Pick’s theorem

Abrahamse: Let G C C be a ”nice g-holed domain”, i.e. G is a bounded
open region where G consists of g + 1 disjoint smooth curves. Denote
TI = {)\: (Al,)\g,...,)\g) : ‘)\z’ = 1,i: 1,...,g}.
Let {K)(z,w)} be a family of kernels on G satisfying:

1) VA, Kx(z,w) is analytic in z, co-analytic in w,

2) V fixed z,w, the map A — K)(z,w) is continuous,

3) Given z1,...,2p, € Gyu1,...,un € D,3f € H®(G), f(z:) = i, Vi

and Hf”oo <1 < ((1 — Miﬂj)K/\(Ziyzj)) >0,V e TI.

Example: Fix 0 < g <1, let Aj ={z:¢ < |z| <1} and
Ki(z,w) =32 —_ 0" Then, we have

—00 1+q2n+1,q72t .

o) (Z’lf))n o (Z?I))n
Ki1(z,w) = Z 1+ g2ntl . g=2(t+1) - Z 1+ g2+l g2t
0 _
(Zw)m—l—l _ _
= Z 14 g2m+1l. g2t = 20Ky (2, w) = 2Ky(z, w)w.
m—=—0oo
Note: (1 pufiy) Ki(zi.2)) 2 0 = (1= pmifiy)ziKi(zi, %))%) > 0 <=
(1 = piprj) K1 (2, 25)) > 0.

Theorem 9.6 (Abrahamse, 1979). Given zi,...,z, € Ay, p1,...,1n €
D,3f € H*(Ay) such that f(z) = pi, |[flloc <1 <= ((1 — piftj) Ki(zi, 7)) =
0,¥0 <t <1.

Theorem 9.7 (Fedorov-Visinikov / McCullugh, 1990). Given zi,...,z, €
Ag pr, ... € D, 3f € H®(A,) such that f(zi) = pi, [|[flloeo <1 <=
Jty,to such that ((1 — pifij) Ky, (2i,25)) > 0,k =1,2.
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Open Problem: Let G be any g—holed domain, fix z1,...,2z, € G. Does

there exist a finite subset A, C TY, enough to check Abrahamse for A € A,
777

Theorem 9.8 (Agler). Let z; € D?, z; = (i, Bi), pi1,- - -, ftn € D then
If € H(D?) such that f(z) = f((ai, 3i)) = pi, Vi, || flloo <1

< 3P,Q € Mn(C), P = (pi;) 2 0,Q = (g;5) =2 0

such that (1 — pifi;) = (1 — c;@j)pi;) + (1 = BifB5)4i5) -

L — pafi
1— 2% (piz) (

Theorem 9.9 (Pick’s version). 0 < <
pifty) = ((1 = 2iz;)piz)-
Theorem 9.10 (Dual Version). Let z; = (o, 3;) € D%, p1,...,pun € D,
then 3f € H*(D?) such that f(z) = f((ai,B:) = pi, [|fle <1 <=
(1 = pipg) = (r45)) > 0,Y(r45) € My(C) such that ((1 — a;ej)ri) > 0 and
((1 = BiBj)rij) > 0.
Another Direction of Generalizations

Given K : X x X — C a kernel function, recall if f € M(Hg ), then || f]loo <
| Myl and | My|| <1 <= (1 — f(x)f(y))K(x,y) is a kernel. If, for given
1oy Tn € Xopi1,-o oy pin € D,3f € M(Hg) with ||[My]] < 1, f(x;) = s
then ((1 — pifij) K (x4, 7)) > 0.
Definition 9.11. K is called a Pick kernel, ifVn, Vxr1,...,xp € X, Yu1,..., un €
D, ((1 = pafij) K (wi, 5)) 2 0= 3f € M(Hg) with || fllee < [[My]| < 1.

The above definition is still not very well-understood, but there exists a
definition of a complete Pick Kernel.

Theorem 9.12 (McCullugh - Quiggen). The function K : X x X — C
is a complete Pick Kernel if and only if there exists a Hilbert space

L,B=0ball(L),p: X — B such that K(x,y) =

L —(p(x),0(y))
10. VECTOR-VALUED RKHS’S

Definition 10.1. Let C be a Hilbert space, and X be a set such that the
collection of all functions from X to C is a vector space under pointwise
sum. H is a called a RKHS of C-valued functions provided:

i) 'H is a Hilbert space,
il) H is a vector space of C-valued functions

ili) Yy € X, the linear map E, : H — C, Ey( f(y) is bounded.
f 1
Example: Let H be a RKHS on X. Then H(™ = : fi € H} and
f

for any f € H,[IfI? = If> + - + Ifull® (s 9o = 331 {Sis92). So,
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H(™) is a Hilbert space. Given f € H(™, regard f as a function f : X — C"
fi(z)

as f(z) = : . Clearly, H™ satisfies ),44) of the definition.

Need to show, Vy € X, E, : H™ — C" is bounded:

Since H is a RKHS, then 3k, € H such that f;(y) = (fi, ky)», which implies

<f17ky>
fly) = : = 1 fWEe =0 1 fiw)? = X0 |(fiy ky)|?
(fr Ey)

< 3y Fill3 eyl = [y 13, - 1F113
= E, is a bounded linear map, and ||E,|| < ||ky||~ -

S

Looking at f = : € H™, we see ||Ey|| = ||ky||, therefore H(™ is a
Jn

RKHS of C"-valued functions.

Definition 10.2. Given an RKHS 'H of C-valued functions on X, set K :

X x X — B(C) by K(z,y) = E; o E}; € B(C), then K is called operator-

valued reproducing kernel of H.

10.1. Matrices of Operators.

Fix C a Hilbert space, consider T;; € B(C),1 <i <m,1 < j <n. Then we
v > i1 Thjv;

regard T' = (Tjj)mxn : C* — C™ by T : = : and T
Un 22 j=1 Timjv)

is bounded, ||T|? = Z” T2 = T € B(C™,C™).

Let P € B(C),1 < i,j < n,P = (Pj;) € B(C"). Then P > 0 <=

U1
(Pv,v) > 0,Yv € C". Having v = |, then (Pu,v)en = 37051 (Pijvj, vi)e

Un

Proposition 10.3. Let H be an RKHS of C-valued functions, K(x,y) =
E.E; € B(C) kernel, let z1,...,v, € X. Then (K(x;,x;)) € B(C") is
positive (semi-definite).

Proof. Let v € C", then we have

n n

(K (@, 25))v,v) = Z (K (i, zj)vj,vi) = Z <E:B1Ea: vj, Vi)
t,j=1 5,j=1
= > (B B _||ZE* ol >0
,j=1

O
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Proposition 10.4. Let H be an RKHS of C-valued functions, K(x,y) =
E.E; € B(C) kernelet z1,...,7, € X,v1,...,v, € C. Then the function
g(x) =31 K(x,2)v; € H for any g: X — C.

Proof.

n

n n
i—1 i—1 i1
GH,E;Z_ :C—H

n
?g:ZE;iUZ‘GH.

i=1

Note: K(z,y) = E.E; = K(z,y)" = (E:E})* = E,E; = K(y, ).
Take f € H,v € C, then (f(x),v>c = <Ex(f)7v> = <f7 E;(U»H
Let x1,20,...,2, € X, v1,02,...,0, €C, g = Z?:1E;jvj eH.
Then ||g]]* = || X7y B3 vil1* = (X720 By vjs 2oiey By vi)

U1 U1
= ZZj:1<EIiE;jvj7vi> = <(K(l‘l,$])) ) )-

Un Un

Proposition 10.5. Let z1,z9,...,2, € X, v1,02,...,0, € C. Then the
functions g = Z?Zl E;jvj are dense in H.

Proof. Let f € H be orthogonal to the span{g: g = 2?21 E3 v;}.

Then we have Vo € X, Vv € C, f L E} < (f,Eivyy =0 <=
(Ex(f),v)e = (f(x),v)c = 0,Vv € C. This implies f(x) = 0,Vx € X, there-
fore f=0. Sog= Z?:l E;jvj are dense in H. O

Proposition 10.6. Let H,H' be two RKHS of C-valued functions on X,
and K(x,y), K'(x,y) be their kernels respectively. If K = K', then H =H’

and || fllr = || fll-

Proof. By the definition, g(-) = >°,_; K(-,2;)v; = >_;_; K'(-, 7;)v;, which

implies ¢ € H N'H' and such g¢’s are dense in both spaces. Then ||g||?, =
vy U1 U1 U1

(K(@iz) | 2 || ¢ =K@z | ¢+ [.| ¢ )=l

Un Un Un Un,

Example: Let H be the ordinary RKHS on X, define H(™ = {f =
fi

. f; € H}, and || f]| = Y7, | fill3, which gives RKHS of C"-

2
: H(n)
fn

valued functions.
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Let K(z,y) € B(C), K,(z,y) € B(C") = M, be the kernels of H, H™).

- fl (y) <f17 ky>
We know E, : H® — Cn, E,((f)) = : = : ; and
fa(y) (frsky)
A1 fi(y) AL
E; . C" — H™ with (B, (f), | : [ =(] | per =
An fn(y) An
fi Arky
S Aifi) = i Nl ke = S Ak = (| L
fn Anky
At Ak,
Therefore E;(| @ |)= :
An Anky
A M1 A1 H1
Now consider (K, (z,y) : , b e = (BB . =
An Un, An Hn
\—\)\/—/ \T—/
(Ey(N), E5 (1)) g = My, pikig) gy = MK (z,y) = D704 A\ K (2, ).
K(z,y) 0
So, Ky (x,y) = s le Kn(z,y) = K(z,y) - In.
0 K(z,y)

Let 'H be an RKHS of functions, let C be some arbitrary Hilbert space.
Write E, : H — C such that E,(f) = (f,k,). Recall the Hilbert Space
Tensor Product, then HQC ={>_fi®v;: fi € H,v; € C}".

Recall Hy,Cy given Hilbert spaces, T' € B(H,H1), R € B(C,Cy), then there
exists TQ R : H®C — H1®Cy bounded, and ||T®R|| = ||T||-||R||. Consider
E’y :H — Cand Ip : C — C, then there exists a unique bounded operator
Ey@lc: H®C—CoC=C. So (By®Ie)(X; fi®vi) =32 Ey(fi) ®vi =
>, fily)o; and B, © Ie|| — |1E, . Define K — {(E, ® )(u) : u € H e C),
ie K= {u(y) : u e H®C} is a set of C-valued functions.

Claim: For any uj,us € H® C}, we have 41 = g <= u1 = ua:

Pick a basis {ea}aca for C. Every u € H ® C} has a unique expansion
as u = Y fa ® eq, where fo € H, and |Jul3,oc = Y, IfallF;- Therefore
u =Y. fl®eq and ug = 3 f2 ® eq. Then Gy = Gy <= 3. fl(y)ea =
Y faWea, Yy, <= faly) = fily) <= fa=fiVacA = U1 = U2.
Using the claim, then as vector spaces K = H ® C, since w1 + us = 1 +
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G, aiy = aty. If we set ||U||x = ||u|lxngc, then K is a Hilbert space of C-
valued functions. For y € X, a(y) = (B, ® Ic)(u) and ||a(y)|lc < [|E, ® Ic|| -
lulliee = | Byl - lillc. Therefore, K is an RKHS of C-valued functions with
E, (@) = a(y) = (B, ® I¢)(u). Hence, K = H ® C is an RKHS of C-valued
functions if u = Y"1 | f; ® v; and u(z) = >, fi(x)v;.

h
Note: Let C = C", and H(™ = {f: : : fi € H}. Then identify
Jn
h
f=| : |=fh0a+  +fde=" fioe
In HRC™

Proposition 10.7. Let H be an RKHS of functions with kernel K(x,y), let
C be any Hilbert space. If we regard HQC as an RKHS of C-valued functions
as above, then the kernel of H ® C is defined as Ke(z,y) = K(z,y) - Ic.

Proof. Look at E; : H®C — C and E} : C — H ®C. Then,

for any v,w € C, f € H, we have EX(v) =k, ® v and

(f ®@w, E3(v))nac = (Ex(f @ w),v)c = (f(z)w,v)e = f(z)(w,v)c

= ([ ka)n(w,v)e = (f ® w, ky ® v)nse

So Ke(w,y) = E.E; € B(C), therefore (Kc(z,y)v,w)c = (Eyv, Eyw)nec

= <ky v, kx & w> = <ky, kx>H<U7 w>C = <K($7 y) ' ICU, w>

Hence, K¢(z,y) = K(z,y) - Ic. O
Corollary 10.8.

fl n
HoC ={f=| : |:fierIfIP=D_IhIP}
fn =

Proof. Earlier, we showed that the right hand side of the above is a C"-
valued RKHS with kernel &, (x)Icn, which is a kernel for the left hand side.
O

Recall from the scalar case the bounded linear functionals f — f(x), with

[f(@)| = [(fo k) < FI- kol = 1 (@)] < I FIK (2, 2) 7.

Proposition 10.9. Let H be an RKHS of C-valued functions. Then Vf €
H. Lf@)lle < IFI - 1K (@, 2) 2.

Proof. Note that || K (z,2)"?|]? = |(K(z,z)"?)*K (z,2)Y/?|| = | K (z,z)].
1f@)12 = {f(@), f(@))e = (Ea(f), Bo(f)) = (E2E(f), [) < | EZE|-| I
= 1B Bl 1P = K (@) - 117 = 1 f @) e < IFI- K (2, 2) 2.
]
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Definition 10.10. The map K : X x X — B(C) is positive, provided
Vi, ..., x, € X,Vn, the matric (K (x;,x;)) € Mp(B(C)) = B(C") is positive-
definite, i.e. (K(x;,x;)) > 0.

Theorem 10.11 (Extension of Moore). Let K : X x X — B(C) be a positive
function. Then there exists a unique RKHS of C-valued functions, H, such
that K is the kernel function for H.

Proof. Let W = {g(-) = >_%_; K(,zj)v; : Vo; € X,Yv; € C} be the set of
those C-valued functions. Define B : WxW — Cby B((3_7_; K (- 25)vj, >y K (- zi)w;)) =
ZZj:l (K (i, mj)vj7wi>'
B is well-defined: Suppose f(:) = Z?:l K(-,zj)v; and f(x) = 0,Vx.
Want to show B(f,h) =0, B(h, f) = 0. It is enough to take h(-) = K(-,y)w
by linearity. Then B(f,h) = > "_ (K (y,x;)vj,w) = (f(y),w) = 0. Simi-
larly, B(h, f) = 0, therefore B is well-defined.
B is an inner-product on W: Let f(-) = K(-,z)v, and h(-) = K(-,y)w.
e Clearly, we have B(f1 + f2,h) = B(f1,h) + B(f2,h),
and B(f, h1 + h2) = B(f, h1) + B(f, ha),
and B\, h) = AB(f, h).
o B(f,h) = (K(y,z)v, w)e = (v, K(y,z)"w)
= (v, K(z,y)w)c = (K(z,y)w,v) = B(h, f).
o f() =210 K(zj)vj = B(f, ) = 320 =1 (K (i, w5)vj,v3) > 0
B(f,f)=0 < ZZj:1<K($i7xj)Uj7Ui> =0.
Consider B(f 4 Ath, f + Ath) = B(f, f) + MB(f,h) + XtB(h, f) +
IN*t2B(h, h) > 0, then V), t, pick A such that —2¢t|B(f, h)|+t>B(h, h)
0, Vt,
Let h() = K('ay)w> then 0 = B(fa h) = Z?:1<K(y,xj)vj,w)c =
(f(y),w) = 0,Vy,w. Therefore f = 0.
Hence, B is an inner product on W.
Now, let ‘H be the Hilbert space obtained by completing W. Then this
‘H is a space of C-valued functions: Idea of showing it, consists of taking
{fn} € W, a Cauchy sequence. Then Vz,{f,(z)} is Cauchy in C, which
implies 3f : X — C defined by f(z) = limy oo fn(x). And the rest is
similar... ]

Theorem 10.12 (Sums of Kernels). Let Hy, Ha be two RKHS'’s of C-valued
functions on X with kernels Ky, Ko respectively. Then H = {f = f1 + fa:
fi € Hiyi = 1,2} with norm || |3, = | fi+f2llF, = mt{]| f1ll3,, +] f2[17,} is an
RKHS of C-valued functions on X with kernel K (x,y) = K1(z,y)+ Ka(x,y).

Proof. Look at K = H1 ® Ha = {(fi, f2) = |(f1, R)II* = If1]* + [l f2l?}-
Define T': K — H by T'((f1, f2)) = f1 + f2, which is onto. Let N’ = Kerl.
N is closed: Let {(f7", f%)} € N be a sequence such that (f{', f3) —
(f1,f2). Then fi(z) = limy f{'(z) = lim,(=f3'(z)) = —fo(z) = fi(z) +
fo(x) = O0Vx, i.e. f1+ fo=0. Hence, (f1, f2) € N = N is closed.

v
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Therefore, I' : Nt — H is an one-to-one map. So, I' is an isometry on
N1, and H with this norm is a Hilbert space.
Now, let f € H, f = f1 + fa, where (f1, fo) € N*-. Then

1F @) < 1@+ 2@ < NE - 1 fllve + 12 L falle,
< (IB217 + 1B 2 Al + 1 f2l3)" 2

= f @) < VIELP + [1EZ? - [[fll2 = H is an RKHS.
Let By : H — C and K(z,y) = E,E}. To show that K(z,y) = Ki(z,y) +
Ks(z,y), it is enough to show that for any v € C, Ejv = EIZU + E2Z’U,
iLe. Ejv= Ki(,y)v+ Ka(-,y)v. Since K(z,y)v = E,(Ejv) = Ki(z,y)v +
Ky (z,y)v, then done.
Claim: (Ki(-,y)v, Ka(-,y)v) € N*: Let (f1, f2) € N, then

<(f1;f2)7 (Kl(‘ay)vvK2('?y)v)>7'(1€97‘52 = <f17E1;U>H1 + <f27E2ZU>H2
= (By(f1),v)c + (Ej(f2),v)e = (fi(y) + fa(y),v)c =0
Let f1 + fo € H, where (f1, f2) € N+, then

((fr + f2), (BYyo + E®0))a = ((f1, f2), (B v, E*)0))1, e,
= (f1, E' o), + (fo. B u)n, = (f1(y). v)e + (f2(y), v)e
= (f1(y) + f2(y),v)c = (Ey(f1 + f2),v)c = (f1 + fo, Eju)n.
Therefore, Ejv = Elzv + EQZU. ([

Theorem 10.13 (Douglas’ Factorization Theorem). Let Hi.Ho, KC be three
given Hilbert spaces, B € B(H1,K), F € B(H2,K). Then t.f.a.e. :

1) Range(F') C Range(B),

2) There exists m > 0, such that FF* < m?BB*,

3) There exists X € B(Ha,H1), such that F = BX.

Proof. (3) = (1) : It is obvious.

(1) = (3) : Let N7 = Ker(B), then B : Nj- — Range(B) is one-to-one map.
For each hy € Hs, there exists a unique hq € clNlL such that F'(he) = B(h1),
since Range(F') C Range(B). Define X (hg) = hy.

e X is linear: By the above, for any ha, b, € Ha, we can have F(hg) =
B(h1), F(hh) = B(h}), which implies F(hg + h) = B(hi + h}).
Therefore X (ha + hb) = hi +h} = X (ha) + X (h}). Similarly, we can
show X (aho) = aX (hs).

e X is bounded: Let h — hg, and X(hY) —
X(hs) = hy. Let h? = X (h}), then F(h2) = B(h
F(hg2) and B(h}) — B(hi), therefore F(hg) =
Closed Graph theorem, we have X (h2) = hy.

(3) = (2) : Let F = BX, let || X|| = m.
Then X X* < m?I = B(XX*)B* < B(m*I)B* = FF* < m?>BB*.

1. Need to show
"), where F'(hy) —
B(hy). Hence, by
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(2) = (3) : Having FF* < m?BB*, then | F*k||?> = (FF*k, k) < m*(BB*k, k) =
m?||B*k||>. Define Y : Range(B*) — Range(F*) by Y (B*k) = F*k.
CHy CHa
e YV is well-defined: Suppose B*ky = B*ke = B*(k1 — k2) = 0 =
F*(k‘l —k‘g) =0= F*k1 = F*ks.

e Y is linear: It is obvious by the definition.

e Y is bounded by m: ||[Y/(B*k)| = ||F*k|| < m|B*k|.
We extend Y to Y by continuity as Y : Range(B*) — Ha.
Let P : H; — Range(B*), then YP = Z : H; — Hy and Z is bounded by
m, and ZB*k = Y B*k = F*k, which implies ZB* = F* = F = BZ*. Let
X = Z*. Done. ]

Lemma 10.14 (1). Let H be an RKHS of C-valued functions on X with

kernel K(x,y), let vy,...,v, € C. Then 3g € H such that g(z;) = v;, Vi if
U1

and only if | : | € Range((K (zi,x;))"/?).

Un

f(l'l) Eq, (f)
Proof. Define B € B(H,C") by B(f) = : = : . Consider

fzn) By, (f)

(BU), | i den=(] + |,]|:])en= Z(f(l‘i),vi> = <faZE;ivi>'
Un f(zn) Un i=1 i=1
Ej,
Hence, B* : C" — H can be defined as B* = | : [, and we have
Ej.
U1 n n
B(|: )= Epvi=> K( ;.
Un i=1 i=1

Next, BB* : C" — C" and BB* = (E} E,,) = K(xi,2;) = (K(z;,7;))/%)?,
which implies Range((K (z;,2;))"/?) = Range(B), and
U1 U1 f(z1)
€ Range(B) <= 3f € Hsuchthat | 1 | = o O
Un, U f(zn)
Lemma 10.15 (2). Let H be an RKHS of C-valued functions on X with
kernel K(x,y), let f € H, and for each finite subset F C X, set gr = Pp(f),

where Pp is the orthogonal projection onto span{K(-,xz)v:z € F,v € C}.
Then, the net {gr : F finite} converges in norm to f.
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Sketch of the proof: 1) Show gr(z) = f(x),Vz € F.
2) Rest is the same as in scalar case(done before).

Definition 10.16. Let v,w € C, let R,, = v ® w denote the operator
defined by Ry ,(2) = (z, w)v.

Some important properties about R, :

(1) Ry, is rank-1 operator.

(2) Let R : C — C be some rank-1 operator, choose any v € Range(R),v #
0. Then R(z) = A(z)v, where A is some scalar function. By linearity
of R, we have (21 + 22)v = R(z1 + 22) = R(21) + R(22) = A(z1)v +
Az2)v, i.e. A(z1 + 22) = A(21) + A(22). Similarly, A(az) = aA(z).
Hence, A is linear.

Look at [A(z)| - [[v]| = [[R(z)|| < [IR] - [[2]] = [A(2)] < (%)HZH,
which implies A is a bounded linear functional. Therefore, Jw € C
such that A(z) = (z,w) = R(z) = (z,w)v, i.e. R= Ry .
(3) Similarly, if R : C — C is of rank-n, choose an orthonormal basis
{vi,..., 05} for Range(R), and get R =Y 7" | Ry, w,-
(4) Ravw = (a0) @ 0 = a(v ® W) = Ry 1,
and Ry qup = v @ (qw) = &(v @ ©) = aRy ..
oy b1 a1y - aifp

(5) LetC=C"letv=| : |,andw = | : |,then R, = : o,

B Qp ﬂn anBl T aan
i.e. Rv,w = (Oélﬂj)

Theorem 10.17 (3). Let H be an RKHS of C-valued functions on X with
kernel K(x,y), let f : X — C. Then, t.f.a.e.:

i) feH,
ii) 3m > 0, such that Vai,...,z, € X, Fh € H with |h|| < m and
h(z;) = f(x;),V1 <i<m.

iii) 3m > 0, such that f(z) ® f(y) < mQK(az,y), ie. m2(K(fBi,SCj)) B
(f(zi) ® f(x5)) = 0.

Moreover, the least such m that works is m = || f]|.

Proof. (i) = (iii) : Fix x1,...,2, € X, v1,...,v, €C,
let g() = ‘;'1:1 K(,x])v] = Z‘;‘lzl E;J'U] Then

n n U1 U1

lgll* = > {Ex vy, Bro) = Y (K (i, zj)vy, ) = (K(ziz))) | 1], ] 5 ])-

ij=1 ij=1 ol o,
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Therefore, letting m = || f||, we have

m? Y (K (wi, xj)v5,00) — > (fa:) © flag)vy, v)
ig—1 ij=1
= m®-[lgl> = Y (g, Fl@g)) @), vi) = mP||gl)> = (v, f ) (f (i), v3)
i,j=1 ,j=1

=m?-|lg|* = D (v, fla) P = 111 llgl® - !Z 2,V f
j=1
= I£1%- lglI* = [{g, £)|* > 0 by Cauchy-Schwarz.

(tit) = (éi) : Fix z1,...,2y € X, v1,...,v, € C. Define T' € B(C,C") by

U1 <1

T()\)/\{g

Un

) = Z?:1<zj,vj>- Substitute

, then T* : C" — C, T*(
Zn

21
V1y...,0p € Cwith f(x1),..., f(z,) € C, then T%(

Look at TT* : C™ — C", then
V1 w1 V1 w1
(TT) ||| s =T | ]I ] 2 ])
Up, W, Un W,
Z (25, F (), > {wi, f@))e = D (2, ) (wi, f(@i)
j=1 i=1 ij=1

Hence, TT* = (f(x;) ® f(xj)).

g(x1)
Let B € B(H,C"), B(g) = |, then BB* = (K (z;,z;)) and

9(@n)
m2BB* > TT* by (iii), which implies 3 X : C — H such that T = BX, let
h = X(1). Then ||h]] < ||X]| -1 < m. Therefore,

f(x1) h(x1)
| =T()=BX(1)=BMRh)=| : |.
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(i) = (i) : Let F be the set of all finite subsets of X. Then VF €
F, 3FJhp € H such that hp(z) = f(x),x € F, |hr|| < m. Look at the
projection Pr : H — Hp = {g : g(z) = 0,Va € F}*. Then, for any
z € F, (Prhr)(z) = hp(z) = f(x) and [|Pphp|| < [|hpl].

WLOG, let hp € Hp, we claim {hp}pcr is a Cauchy net:

Given ¢ > 0, let M = sup{||hr| : F € F} < m. Pick F, such that
2

M? — % < |Ihg,||* < M?. Choose F containing F,, then (hg — hp,) € H#O,
therefore ||hp||? = ||he,||? + [|he — hg,||> < M? by Pythagorea theorem.
2

Then ||hp — hE,||? < EZ = ||hr — hE,|| < % Therefore, for any Fi, F5 con-

taining F,, we have |[|hp, —hp, || < ||hp, — hE ||+ |he, — hE)|| < € = {hp}is
Cauchy. Hence, 3h € H such that h = limp hp. Given z, € X, F, = {x,},
then VF' containing F,, x, € F', we have hp(z,) = f(z,).

Therefore, h(xz,) = limphr(z,) = f(z,),V2, € X = h = f = ||f|| <
m. U

Proposition 10.18 (1). Let Hi,Hso be two RKHS’s of C-valued functions
on X with kernels Ki(x,y), Ko(x,y) and norms || - |1, - |2 respectively.
If there exists m > 0 such that Ka(z,y) = m?Ki(z,y),Vx,y € X, then

Hi = Ha and || fll1 = m| f]|2.

Proof. By property (3), f € Hi <= f € Ha. Norms work by ”moreover”
part, Le. [|f[[1 = m| [l O

Proposition 10.19 (2). Let Hi,H2 be two RKHS’s of C-valued functions
on X with kernels K1 (x,y), Ka(x,y) respectively. If H1 € Hg and I : H1 —
Hso the inclusion map, then Iy a bounded linear map, and I (Ka(-,y)v) =
Kl('??/)v‘

Proof. Suppose f, — fin Hi, and I1(f) — g in Ha. Need to show I1(f) = g
in Hy: We have f(z) = lim, f,(z) = lim,, I (f»)(z) = g(z) = f = g.
Let f € Hy, then

<IT<K2('7y)U)7f>1 = <K2('7y)1)7[1(f)>2 = <E22(U)7f>2 = <U’E§<f)>c
= (v, f()e = (v, By(He = (B, (v), FHi = (K1( y)v, i
Hence, IT(Ka(-,y)v) = Ki(-, y)v. d

Theorem 10.20 (3). Let Hi,Ha be two RKHS’s of C-valued functions on
X with kernels Ky(x,y), Ko(z,y) respectively. If there exists m > 0 such
that K1(x,y) < m?Ky(z,y),Vo,y € X, then H1 C Ha and ||f]l2 < m||f]1-
Conversely, if H1 C Ha, then 3m such that Ki(z,y) < m?Ks(z,y) and
m = ||I1||, where I : H1 — Ha is the inclusion operator.

Proof. Assume Ki(x,y) < m?Ks(z,y). Let f € Hi, then f(z) ® f(y) <
IFIF KL (2, y) < [If[im? Ka(z,y) = f € Ha and || fll2 < m]/f]x.
Conversely, if H; C Ha, then ||[1]] = m < oo and [} (Ka(-, y)v) = Ki(-, y)v.
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Fix x1,...,2y, € X, v1,...,v, € C, then

n

D (Ki(ws, xg)vj,v0e = 1D K z)vilf, = 115 Q- Kol x)v)|13,

ij=1 j=1 j=1
n n
NI 1) Ko Coapjlid, = I - Y (Ka(ei, z5)v), vi)e.
j=1 ij=1
Therefore, K1(x,y) < m?Ka(z,y). O

Lemma 10.21. Let A, B € B(C), v, w € C,then A(v® w)B* = Av® Bw.

Proof. (A(vew)B*)(z) = A(v@w)B*(2) = A[(B*(2), w)v] = (B*(2), w)Av =
(z, Bw)Av = [Av ® Bw|(z),Vz. Therefore A(v ® w)B* = Av ® Bw. O

Theorem 10.22. Let Hy, Ho be two RKHS’s of C-valued functions on X
with kernels Ky (z,y), Ko(x,y) respectively, let F': X — B(C). Then t.f.a.e.:
1) F-Hy C He,
2) Mp:Hy — He, Mp(hy) =F -hy is bounded,
3) 3¢ > 0 such that F(x)Ki(z,y)F(y)* < 2Ka(z,y). The least such c
is | Mp|| = c.

Proof. 1) = 2) : Use Closed Graph Theorem.

2) = 3) : Let ¢ = |MFp||, then for any h € H;, we have

E2(Mph) = F(z) - h(z) = F(z) - EL(h) = E2Mp = F(z)E}, Vx.

And M};EZ = E"F(y)*, Yy, Mp-Mp<c? 1.

So, P(w)K) (2, y)F(y)* = F(x)ELEY F(y)* = E2Mp - ME2*

< E%(c?- I)Ez* = ?Ko(x,y).

3) = 1) : There exists ¢ > 0 such that F(z)K(x,y)F(y)* < 2Ka(x,y).
Let h € Hy, then h(z) ® h(y) < ||h||3K1(z,y).

(F(x)h(z)) @ (F(y)h(y)) = F(z)[h(z) @ h(y)|F(y)*

< PIF (2) K\ (2, ) F(y)* < ||R]|FKa(2,y)

= F(-)h(-) € Hy and [[F(-)h(-)]l2 < c[|h][1,

ie. F'-Hy C Hg, moreover | Mp| <c. O

Recall My : Hi — Ha, in scalar case we proved || f|loo < || M.
What about in operator spaces?

Corollary 10.23. If My : H1 — Ha is bounded, then M(Ejv) = E; F(y)*v,
i.e. Mip(K(,y)v) = K(-,y)F(y) .
We have | Mp(E50)|P < [ Ml Bl
IME(Eyu)|* = | By F(y) ol|* = (E;F (y) v, By F(y) o) = (F(y) K (y, ) F(y)*v, ),
and

IME|*|| Byol* = | Mr|*(Eyv, Eyv) = | Me|*(K (y, y)v,v).
Therefore,

Fy)K(y,y)F(y)* < IMplIPK(y, y)-
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Assume K (y, y) is invertible, then K (y, y) = P? with P > 0 invertible. Then

F(y)P*F(y)* < |Mp|*P? = (P~'F(y)P)(PF(y)*P~") < | Mp|?* - T
= |P7'F(y)P| < ||[MFp||. Facts: Given T € B(C), o(T) = {\ € C :

(T — AI) not invertible}, then

1) o(T) is compact set,
2) r(T)={|A : A€ a(T)} <||T|, the spectral radius of T'.
3) r(T) = liminf, ||T7("/",
4) When K (y,y) has no kernel, then r(F(y)) < || Mg||.
fi
Example: Lookat H2(D)™ = {f = | : | : fi € H*(D), || f||* = >y ”f’i”f'{Q(]D)}?
fn
1
and K(z,w) = 1 — - Iy, let FF : D — M,,. Then by the theorem,
— ZW

Mp : H*(D)™ — H?(D)™ is bounded, and say

[IMpl| =1 <= F(2)K(z,w)F(w)” < K(z,w),

i.e.

L)) —— Ly < — . I, <W> > 0.

I - F(2)F(2)*
1—z2

0,1e. I > F(2)F(2)*, so ||F(2)|,, <1.

Therefore, sup{||F'(2)||a,, : z € D} < |[|Mp||. Assume sup{||F(2)||rs,, : z €

Take z = w = 21, then > 0, which implies I—F(z)F(2)* >
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ha
D} =C,andlet h= | : | € H*(D)™, then we have
hm,
>oita fijh; m  m
1M - h* = | : 12 =11 fishiliem,)
> 2j=1 fmihi ==

m

) m 1 21 ; ;
—tim Y o [ fure e
i=1 j=1

Lo >ty fiy(re)h;(re')

—tm o [ ; o
0 m 0 0
S Fong (€0 s (i)

27 ) ) 1 21 )
= lim / | F(re®)h(re||?df < lim — - 02/ |h(re®||*db
—1271 J, r—1 27 0
<G|+ -+ 1hm]?] = C* - |A|PP = |Me|| < C.

Therefore, | Mp|| = sup{||F(2)|/um,, : z € D}.

11. LINEAR FRACTIONAL MAPS

b
Consider ¢y (z) = %, U= Z 2}, and @q.r = @u(2).
WLOG, assume detu = 1, i.e. ad — bc = 1.
Let J = [(1) _01] , U= [z 2] , which is called a J-contraction if and only

if UJU* < J, and U is J-unitary if and only if UJU* = J.
Proposition 11.1. If U is J-unitary, then U~ is J-unitary, too.
Proof. UJU* = J = U JUu~"" =u-Y(UJUU " = J. O

Proposition 11.2. ¢y o oy = py.u

Ja b e f o _ |aet+cf be+df
Proof. Let U = [c d] Vo= [g h}’ then V- U = [ag—i—ch bg +dh|’
Then,

az+b
az—l—b) B € [cz-‘td] +f
cz+d g [%} +h
_ (ae+cf)z+ (be+ df)
(ag + ch)z + (bg + dh)

ov(vu(2)) = pv (

= ov.u(2).

O
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Theorem 11.3. The map vy : D — D is an automorphism if and only if
U is a J-contraction; and oy : D — D s an onto map if and only if U is
J-unitary.

Proof. Assume ¢y (D) C D, which implies |y (2)]? <1 <= |az + b*> <
lcz+d|?. This implies, |a|?|z|>+abz+abz+|b|?> < |c|?|z|? +cdz+edz+|d|? =
0 < (e = |al*)|2[* + (cd — ab)z + (ed — ab)z + (|d]* = [b]*), (*).

Then, Vt € [0, 1],we have 0 < (|c|? — |a|?*)t? — 2(cd — ab)t + (|d|? — |b|?). This

implies
| = lal* |ed—ab|] [t t >
|led —ab] |d[* —[p]*| \—-1) \-1)"

orVz € D,say t =z, |z| < 1, then

Ne|> = lal* cd—ab | [ z z
Os{"ca—av ja2—pp| 1)\ 1))

1 0
0 —1l° Then,

a cl[1 0]fa b] _[a —¢|fa b] _ [la]*—|c] ab—cd | _[1 0

b d| |0 —1||c d| " |b —d||c d| T | ab—cd [B2—1d?| = |0 —1|
o 1+ [e]? = al? éd — ab

Th1s1mphesA[ cd— ab 2 — b —1

Hence, 0 < (A <_Zl> , (_21)> — (%) 4+ |22 =1 < (). Therefore, (*) is

positive. So, U,U~! J-contractive implies ¢ : D — D is an automorphism.

O

0<

—~

If U is J-contraction, then U* (1) _01 U<

E

12. LINEAR FRACTIONAL OPERATOR-VALUED MAPS
Definition 12.1. Let H be a Hilbert space, A, B,C,D € B(H), let U =
4 B by 0 ] Then U is called a J-contraction if U*JU < J,

c o'’ 7o -1
and U is called J-unitary if U*JU = J.

Proposition 12.2. If U is J-unitary, then U is left-invertible.
Proof. J-YU*JU)=J'J=I= (J'U*J) =1 O
1
U<

e In finite dimensions, U is invertible and U~ = JU*J.
o Let H =2, let S be the forward shift operator, i.e. Sej = ejt1, let

U= [g g,] . Then U*JU = J, so U is J-unitary, but not invertible

(it is not onto).
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Proposition 12.3. IfU is J-unitary and invertible, then U™ is J-unitary,
too.

Proof. UV JU- L = U [U*JUIUL = J. O

Proposition 12.4. Let U be an invertible operator( i.e. dimH < oc), then
U is J-unitary if and only if U* is J-unitary.

Proof. Assume U is J-unitary and invertible, then U~! = JU*J is J-
unitary by previous propositon, which implies (JU*J)*J(JU*J) = J. But,
(JU*J)*J(JU*J) = JUJJJU*J = JUJU*J. Hence, (U*)*JU* = UJU* =
JJUJU*T)J = JJJ = J, i.e. U* is J-unitary. The converse follows by
reversing roles of U and U*. ([l

— *)—1/2 _ *\—1/2
Example: Let [|B]| <1, and U = [ (1-BB) (1-BBY) B]

(1-BB*~Y/2B* (1 - BB*)~/?

_[@—-BB*)~? 0 1 B
T 0 (1—-BB*~Y2| |B* 1] Then, we have
L B),[1 Bl _[1 B][t o][L B]_[1 -B][L B
o 1 — BB* 0 B 1 — BB* 0
-(1 - BB*)1/2 0 (1 _ BB*)1/2 0
- *\1/2 J w12
0 (1— B*B) 0 (1- B*B)

Therefore, UJU* = J = U is J-unitary..
. [ @-BB*'? (1-BB*)"'/?B
Let U* = l:(l _BB*)71/2B* (1 _BB*)fl/Q :

. x\—1/2 . > —1/2
Proposition 12.5. Let ||B|| < 1, thenUp = [ (1—BB") B(1 - B"B) ]

_B*(l o BB*)—I/Q (1 . B*B)—1/2

is J -unitary and invertible. (which implies U}, is J-unitary.)

1 -B 1 -B 1 -B|[t 0][1 -B
Proof. {—B* 1}4—3* 1]:{—3* 1H0 —1} [—B* 1}:

1 - BB* 0 [ 1 =Bl [(1-BB*"1/? 0

[ 0 B*B_l].No‘cethaﬁcUB—[_B>k 1 ] [ 0 (l—B*B)_l/Q .
It is easy to check that U5 JUp = J, i.e. Up is J-unitary.
To see that Up is invertible, it’s enough to show that —1B* _1B is invert-

. . 1 -B 1 0|1 —-B
ible. But, using Cholesky, we have [—B* 1 ] = [—B* PJ {0 R },

where R = /1 — B*B is positive and invertible. Hence, [(1) _RB ] =

1 BR! 1 o' 1 0
[O B! }, and [—B* R] = [R_lB* R_l]. We are done. O
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Definition 12.6. Let U = [é g}, then set Yy(X) = (AX + B)(CX +
D)~ for any X where the inverse exists.

A B .
Theorem 12.7. Let U = C D be a J-contraction, || X| < 1. Then

(CX + D) is invertible and ||y (X)|| < 1, i.e. Yy : B — B, where B denotes
the unit ball of B(H), when dimH < oo.

X

Proof. U*JU < J = [X* I][U*JU] [ 7

] <[x* I]J [ﬂ Then,

(AX + B)*(AX + B) — (CX + D)*(CX + D) = [X* 1] [U*JU] m

X

< [X* I]J[I

} = X*X — I, which implies

(A X+ B)(AX+B)+ I < XX+ (CX+ D) (CX + D),
therefore
0<(1—|X|HI<I-X*X<(CX+D)(CX + D),
which gives
- I<(CX+D)(CX+D)=M.
Hence, there exists R such that RM = [R(CX + D)*|(CX + D) = I when
dimH < oo, so (CX + D) is invertible.
We have (AX + B)*(AX + B) < (CX+D)*(CX + D)+ (X*X-1I) <

| ——
<0

(CX+D)*(CX+D)= (CX +D)* " (AX+B)*(AX+B)(CX+D)" ! < I,
which gives to us the wanted result
Y (X) o (X) < I= [lpu(X)]| < 1.
O

A B
C D

E F

Proposition 12.8. Let U = [ G H

Then 1/}V e} 1/}U(X) = ¢VU(X)
Proof.

| anav = |

] be a J-contractions.

Yy oy (X) = Yv((AX + B)(CX + D))
= [E(AX 4+ B)(CX + D)™' + F|[G(AX + B)(CX + D)"' + H| !
= (EAX+EB+FCX+FD)(CX+D) Y [(GAX+GB+HCX+HD)(CX+D)" ]!
(EA+FC)X +(EB+FD)|[(GA+HC)X +(GB+HD)| ™' = ¢yy(X).

O
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13. MATRIX-VALUED PICK INTERPOLATION
Theorem 13.1. Let z1,...,z, € D, X1,..., X, € M,,, « € D, and let

A B .
U= [C D} be J-unitary. Then

()0 = (fliineit)

L= ziz; 1 — pa(zi)palzj)

Proof. Since 1,/151 = ¢y—1, where U1 is J-unitary, and o, = ¢,-1, then it
will be enough to prove ' =’ direction. It is also sufficient to prove:

I-X;X; I - XX}
(1) —]|20= —— 20
1-— 2i%; 1-— wa(zi)wa(zj)

(1 XX*) - (I—apU(X:)*wU(X;)) -
1—z 1— zz%
(1)

and

J

The proof of (1) is identical to the scalar case, so we will focus on (2).

(X, I][U*JU] [ ] (AX] + B)"(AX; + B) — (CX] + D)*(CX; + D),

and since U is J-unitary, i.e. U*JU = J, then

(X, I][U*JU] [ Ij] =[X; I]J [ I]] = X; X} — I, therefore

(AX] + B)*(AX; + B) — (CX] + D)*(CX; + D) = X; X; — I.
Note that,
I - X;X; =(CX; +D)"(CX; + D) - (AX; + B)"(AX; + B)

=(CX;+D)'[I-(CX] + D)*fl(AX*+B)*(AX”‘—FB)(CX*—FD)_I](CX;‘—FD)

= (CX7 + D) = u(X7) v (X7)(CXF + D)

. <I—¢U(XZ‘)*¢U(X}‘) _ ((CX;* LDy (IXX*> (CXF+ D)~ ) :

oy k ok
1 %i%; 1 2i%;

(CX;+ D) ! 0
Denoting D = , a diagonal matrix,

0 (CX;:+ D) !
we get the wanted result as follows

(1—¢U(X;“)*¢U(X;*)> _H (IXX> D* > 0.

1 2iZ; 1 zzzJ

0
Proposition 13.2. Let | X|| < 1, then (I-X*X)F1/2X* = X*(I-X X*)*1/2,
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Proof. Let P=1—-X*X>0,Q=1—-XX*>0.

Note PX* = X* — X*XX* = X*(I — XX*) = X*Q. Hence,

P2X* = P(PX*) = PX*Q = X*@Q?, and by induction P"X* = X*Q".
Letting p be a polynomial, we get p(P)X* = X*p(Q).

Now, let {p,(t)} be a sequence of polynomials,

that converges uniformly to the function v/t on 0 < t < 1.

Then PY2X* = lim, p,(P)X* = lim, X*p,(Q) = X*Q'/?, and

pP-1/2x* — P71/2<X*Q1/2)Q71/2 _ P71/2(P1/2X*)Q71/2 — X*Qfl/Q. 0

Theorem 13.3 ( Matrix-Valued Version of Pick ). Let zy,...,z, € D, X;,..., X, €
M,,. Then there exists F' = (fij) : D — My, with fi; € H®, |F|loc <1 and

I - X, X*
Flz)=X; — [———L) >o0.
1 —ZiZj

Proof. (=) : Look at My : H*(D)(™ — H2(D)™), |Mp| = ||F|le < 1.
K(z,w) = . Ty = 0< K(z,w) — F(2)K(z,w)F(w)*,

o (LY (F@EEY L (L2555
.e. 1— 2z 1— 2% = 1— 2z > 0.

(<) : We will do it by induction on n:
It is clear for n = 1, assume F'(z;) = X constant, done.
Assume it is true for all sets of n points in D, and n matrices X ’2 in M,,.
Given zg, z1,...,2n, € D, Xg, X1,..., X, € M, with (I)%> > 0.
—Zi%j />
(1—-XoXH)™2  —Xo(1 - XgXo)~1/?
—X5(1 = XoX5)™2 (11— X35Xo)™ 1?2 }'

Let « = zp and U = Ux, = {
Then,
Yoy, (X5) = (I = X5 Xo) V2 X5 — X§(I - XoX5)~1/?) -
(= Xo(T = X§Xo) V2K + (1 - XoXg)2)
But, by previous proposition, (I — XSXO)*l/zXS‘ = X5 — Xng)*l/Q,
since || Xo| < 1, therefore ¢y, (Xg) = 0.
1= b (K)o, <X;~‘>> >0 ()

1 — @a(zi)palz;)
Let W, = ¢UX0 (Xl*)* = WO = 0, and \; = (pa(zi) = )\0 = 0, but \; 7& O,i =
1,...,n, then using (%), we get

Next, by last theorem

1— N\

I byCholesky’ slemma

. [—W,w?
(I—Win) 20:,( J_1>20.
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i.e. we get

A — WiWs 1- (%)
AT ) s 0=

1— Ak

nxn

Hence, by the inductive hypothesis, 3H : D — M, with |[|[H|c < 1 such
that H(\;) = ‘;\V—:, i=1,2,...,n, and G(z) = zH(2), |G|l < 1, analytic,
which gives G(\;) = M F(\i) =W;,i=0,1,2,...,n.
Let F(z) = by (G(p—a(2))*)", which is analytic.

0

Then F(z;) = %;3 (G(N)*)* = LZJU,;; (WA = (X})* = X;. O
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